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Abstract 
 
 
  
 
Hydrogen, as a clean and renewable fuel, may play a key role in the near future 
because of the increasing cost of fossil fuels and the impact of CO2 on the climate. 
Fuel cells are electrochemical devices which directly convert chemical energy stored 
in hydrogen into electrical energy at high efficiency with only water and heat as by-
products.  
           
A leading candidate fuel cell technology for operation on hydrogen fuels is the proton 
exchange membrane fuel cell (PEMFC). But today its commercialization remains 
limited, mainly because of the price of the materials used for electrode manufacture. 
Catalysts based on precious metals such as platinum, which are currently inherent to 
PEMFCs, preclude inexpensive mass production. In contrast an alternate fuel cell 
technology well suited to hydrogen fuels, the alkaline fuel cell (AFC), offers the 
potential for low cost, mass producible fuel cells, without the need for platinum based 
catalysts, but has received less attention in recent years.  
 
The aim of this work is to develop AFC gas diffusion cathodes using new substrate 
materials (nickel foam and porous silver membranes) which ally mechanical support, 
current collection and catalyst support so as to reduce the cost of the electrode. Silver, 
which is one of the most active materials for the oxygen reduction reaction (ORR) and 
which is 100 times cheaper than platinum, has been used as the catalyst in this work. 
The effect of optimising the cathode performance has been monitored using DC 
polarization curves and electrochemical impedance spectroscopy.  
 
Both the nickel foam and porous silver membrane substrates have been successfully 
developed as the gas diffusion medium in aqueous alkaline media. Silver plated nickel 
foam showed a decrease in both the Ohmic and charge transfer resistance compared to 
uncoated nickel foam, leading to improved performance. The porous silver membrane 
showed good performance in a passive air-breathing cell (50 mW cm-2 at 25 oC) due 
to its high surface area and optimised hydrophobic properties.     
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Introduction 
 
 
 
Today, the commercialization of low temperature fuel cells is mainly limited because 
of the price of the materials incorporated in electrode manufacture. Catalyst materials, 
which are necessary for the reactions to occur, are the biggest part of this cost.  For 
Proton Exchange Membrane Fuel Cells (PEMFCs), noble metal catalysts such as 
platinum are essential to obtain good performance but they preclude inexpensive mass 
production. In contrast Alkaline Fuel Cells (AFCs), in which reaction kinetics are 
more facile, enable the use of alternative catalyst materials such as silver, manganese 
oxide, perovskyte and spinel oxides..., these materials being much cheaper than the 
platinum group metals required in acidic media. The use of KOH solution as the 
electrolyte, and the possibility to build the stack in a monopolar configuration 
(eliminating the need for expensive bipolar plates) further strengthen the potential for 
AFCs to be a low cost and mass producible fuel cell technology.  
 
In general, AFC electrodes consist of several PTFE-bonded carbon-black layers 
deposited onto a substrate material. This substrate material should fulfil different 
functions such as high permeability to gases, high structural strength, good corrosion 
resistance and high electronic conductivity. In a monopolar design, it also serves as 
the current collector, so metal screens and meshes usually made of nickel have been 
generally used. Recently, new mass production techniques have made nickel foam 
more attractive because it has become cheaper than the commonly used nickel mesh.    
    
The physical properties of reticulated metal foam are very well suited to their use in 
fuel cells. They possess high surface area, high electronic conductivity, high thermal 
conductivity and very low resistance to fluid flow. Metal foam is flexible, easily cut 
and malleable, light weight (low density) and is becoming increasingly cost effective. 
Nickel foam was also chosen as a promising electrode matrix in this study because of 
the possibility of using electroplating to apply the catalyst which is an easy and 
inexpensive processing route to the manufacture of electrodes, and lends itself to mass 
production.  
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The main objective of this work is the development of AFC gas diffusion cathodes, 
using nickel foam as a substrate material, which ally mechanical support, current 
collection and catalyst support so as to reduce the cost of the electrode. The choice of 
materials and techniques to fabricate the electrode is to be low cost, and enable scale 
up using standard production techniques such as the rolling machine method to apply 
the different layers onto the substrate. The aim of each step of the development is to 
maximise current density and minimise voltage drop, whilst avoiding the use of 
expensive materials and manufacturing steps. The ultimate goal is to develop a low 
cost, mass producible cathode for a circulating alkaline fuel cell which can be used in 
both bipolar and monopolar stacks.      
 
Another objective of this work is the development of cathodes using porous silver 
membranes as substrate materials, linking electrode performance to structural 
properties such as mean porosity, pore size, and surface area. The effect of the 
wettability of the electrode structure on performance is also important and is therefore 
considered. Through improved understanding of this relativle simple electrode design, 
this study aims to develop improved understanding of the more complex electrode 
structures often found in commercial AFCs.    
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Chapter 1: Fuel Cell Principles 
 
 
 
1.1. Abstract 
 
In this chapter, a short introduction to fuel cell technology is given where advantages 
and drawbacks are listed. The different fuel cell types are briefly described. The basic 
fuel cell construction is explained. Thermodynamic principals are given where it is 
shown how ideal potentials (alongside efficiencies) can be calculated, knowing 
temperature, pressure and reactant concentration. Finally, it is explained how 
irreversibilities, which cause voltage drop, occur. Finally the irreversibilities leading 
to voltage drops in performance are explained.  
 
1.2. Introduction to fuel cells 
 
1.2.1. What is a fuel cell? 
 
A fuel cell is an electrochemical device which converts chemical energy into 
electrical energy. While a combustion engine converts chemical energy via heat into 
useful mechanical work, a fuel cell converts chemical energy stored in fuels directly 
into electrical energy, providing power generation with high efficiency. Electricity is 
produced as long as raw materials (fuel/oxidant) are supplied, which is the main 
difference between a fuel cell and a battery.  
 
1.2.2.  Fuel cell advantages/disadvantages 
  
The fundamental fuel cell advantages are listed below: 
• High operating efficiency for power plants scalable to a range of sizes 
• If hydrogen is used as fuel, pollution emissions are strictly a result of the 
production process of the hydrogen. 
 21 
• No moving parts, with the exception of pumps, compressors and blowers to drive 
the fuel and oxidant (usually air). 
• Multiple choices of potential fuel feedstock, from existing petroleum, natural gas, 
or coal reserves to renewable ethanol or biomass hydrogen production. 
• Near instantaneous ‘recharge’ capability compared to batteries. 
 
However, technical limitations of fuel cell systems remain to be overcome: 
• Fuel cell component cost must be reduced via the development of mass production 
technology to compare with actual power plants (~$30/kW for automotive 
applications and ~$1000/kW for stationary applications [1]).    
• Suitable reliability and durability of fuel cell and system components must be 
achieved (5500 h for automotive and 40,000 h for stationary applications [1]).    
• Suitable system power density must be achieved (650 W/kg for automotive (50 
kW) applications, 150 W/kg for auxiliary (5-10 kW) applications and 100 W/kg 
for portable (milliwatt to 50 W) applications [1]).    
• Storage, generation and delivery of hydrogen technology must be improved if 
pure hydrogen is to be used.  
 
1.2.3. Fuel cell types 
  
A number of fuel cells have been developed which can be differentiated by their 
electrolyte. For instance, a solid oxide fuel cell (SOFC) uses ceramic oxides as the 
electrolyte while a proton exchange membrane fuel cell (PEMFC) uses a solid proton 
conducting polymer. Fuel cells can also differ in terms of fuel used (e.g., hydrogen 
PEMFC or direct methanol PEMFC) or operating temperature (Table 1.1). Whereas 
low temperature fuel cells such as alkaline fuel cells (AFC) and PEMFC have the 
advantages of faster start-up and higher efficiency (using hydrogen as fuel), slow 
reaction rates occur, which must be addressed by using costly catalysts and 
sophisticated electrode designs. High temperature fuel cells such as the SOFC achieve 
high reaction rate without expensive catalysts and moreover, natural gas which is 
‘internally reformed’ can be used directly within the fuel cell without the need for a 
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separate unit. SOFCs address many of the problems related to fuel cells; however, the 
ceramic materials used in the cell fabrication can be difficult to handle and expensive 
to manufacture. The system to run the SOFC is also more complex and not easy to 
start up compare with low temperature fuel cell systems [1].  
 
Fuel cell 
type 
Electrolyte 
Charge 
carrier 
Catalyst 
 
Operating  
temperature 
Fuel  
Compatibility 
Primary 
Contaminant 
PEMFC 
(Proton 
Exchange 
Membrane) 
Solid 
polymer 
membrane 
H+ 
Platinum 50-100 oC H2, 
methanol 
CO, Sulphur 
and NH3 
AFC 
(Alkaline) 
KOH  
Solution 
OH- 
Platinum 
Silver 
Nickel 
50-250 oC H2 CO, CO2 and 
sulphur 
PAFC 
(Phosphoric 
Acid) 
H3PO4 
solution 
H+ 
Platinum 150-210 oC H2 CO <1%, 
sulphur 
MCFC 
(Molten 
Carbonate) 
Molten 
Carbonate 
CO32- 
Nickel 650-800 oC H2, CH4 Sulphur 
SOFC 
(Solid 
Oxide) 
Ceramic 
O2- 
Nickel 
Perovskites 
500-1000 oC H2, CH4, CO Sulphur 
 
Table 1.1: Different type of fuel cells [1]. 
 
 
1.2.4. Basic fuel cell construction and operation 
  
In a fuel cell, hydrogen is electrochemically oxidized at the anode, which produces 
electrons. Conversely oxygen is supplied to the cathode, usually in the form of air, 
where it is reduced to ultimately form product water. These reactions have a finite rate 
and occur at the interfacial area where the electrode, the gas, and the electrolyte meet, 
i.e. at the so-called three phase boundary (TPB). This interfacial area is scalable; the 
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larger the surface area or interfacial area the larger the current produced at a given 
electrode overpotential. To provide large reaction surfaces, fuel cells are commonly 
made into planar structures with morphologies tailored with high porosity and/or 
surface roughness, as shown in Fig. 1.1. The basic structure of a fuel cell consists of a 
thin electrolyte layer in contact with electrodes on either side, both in contact with 
bipolar plates.  
 
In the case of low temperature fuel cells with hydrogen as fuel, the hydrogen 
oxidation reaction (HOR) occurs, which liberates electrons as shown in Equation 
(1.1):  
 
H2 → 2H+ + 2e-                                           (1.1) 
 
Electrons produced at the anode (negative terminal), flow across the external circuit to 
the cathode (positive terminal), where the oxygen reduction reaction occurs as shown 
in Equation (1.2): 
 
O2 + 4e- + 4H+ → 2H2O                                                (1.2) 
 
The overall reaction (1.3) produces water and heat as by-products.  
 
H2 + 1/2O2 → H2O                                                   (1.3)   
        
The ionic conduction of the H+ is ensured by the electrolyte, which is especially 
engineered for this purpose. The acidic fuel cell is taken here as an example but the 
operation with other fuel cell types works similarly taking into account their 
respective charge carriers.   
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Figure 1.1: Basic fuel cell construction.   
  
The voltage of a single cell when under load i.e, when useful current is drawn, is 
about 0.7 V. Thus, cells have to be connected in series in order to increase the voltage 
to a practical level, This interconnection of cells is called a ‘stack’ and is performed 
usually by means of bipolar plates which are placed between the cathode of one cell 
and the anode of the following cell. The bipolar plate has to be especially designed to 
provide the gas for both electrodes and to make good electronic contact with the 
electrodes. Flow channels are machined (or formed) on both sides of the bipolar plate, 
which is commonly made of graphite (especially for PEM) or stainless steel 
(especially fro AFC). For a series stack, the current is proportional to the active 
surface area of the electrode and is the same for all cells in the stack. The stack 
voltage is the sum of each component cell voltage. Conversely, for an array of cells 
connected in parallel, the current is additive and the voltage is the same in each cell. 
In some configurations a combination of series connected and parallel connected 
modules in used, particularly in some designs of AFCs.   
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1.2.5. Fuel cell performance 
  
The performance of a fuel cell is closely dependent on the ability of the fuel and 
oxygen to react on the catalytic surfaces of their respective electrodes at the TPB. The 
magnitude of the TPB is very dependent on the morphology and microstructure of the 
electrode. The reaction rate is proportional to the electrode active surface area. The 
high porosity of the materials used (e.g., carbon black) greatly increases the effective 
surface area of the electrode and thus its performance. In addition to the surface area, 
the incorporation of catalysts into the electrode further increases the rate of the 
reaction. The microstructure of the electrode should incorporate sufficient porosity to 
achieve adequate gas diffusion. The electrolyte and electrode conductivity also play 
an important part in determining fuel cell performance [2]. 
 
A commonly used indicator of the fuel cell performance is the current-voltage (I-V) 
characteristic curve which displays current on the x-axis and voltage on the y-axis. It 
should be noted that the current is usually normalized by the geometric active area of 
the electrode (giving a current density) in order to compare results from electrodes 
with different surface areas. A complementary power curve is often plotted alongside 
the I-V curve. An example of an I-V curve for a typical low temperature fuel cell is 
given Fig.1.2. The theoretical voltage of the fuel cell, which can be calculated by 
thermodynamic considerations, is a function of the Gibb’s free energy of the overall 
reaction; however, in practise the voltage of the fuel cell is less than the predicted 
voltage due to irreversible losses. As can be seen, the more current that is produced 
the lower the voltage of the cell, limiting the total power that can be delivered. The 
current supplied by a fuel cell is directly proportional to the amount of fuel consumed; 
therefore, the decrease of the fuel cell voltage also decreases the electric power per 
unit of fuel. Thus, the fuel cell voltage can be seen as a measure of the fuel cell 
efficiency. The higher the voltage at a given current density the better. The point of 
maximum power is often used as an indicator of the outright performance of the fuel 
cell [2]. 
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Three key areas can be noticed in Fig. 1.2. A brief description is as follows:  
• Activation region: There is initially an exponential decrease of voltage with 
increasing current which corresponds to activation losses (ηact) associated with the 
electrokinetics of the reactions occurring at the electrode surfaces. 
• Ohmic region: At higher current densities there is a linear voltage fall which is 
related to Ohmic losses (ηohmic) caused by the resistance to the flow of electrons 
through the electrode and interconnects, as well as the resistance to the flow of 
ions through the electrolyte. This is the region that the normal operating point 
lays. 
• Mass transport region: There is a final rapid drop in the voltage at higher current 
density which is related to the mass transport or concentration losses (ηconc) caused 
by the change in concentration of the reactant and the failure to transport it 
sufficiently quickly to the electrode surface. 
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Figure 1.2: Typical low temperature fuel cell I-V curve [2]. 
             
The real voltage (V) of a fuel cell can be written by subtracting all the voltage losses 
from the thermodynamically predicted voltage (Ethermo) as follows: 
V =  Ethermo – ηact – ηohmic– ηconc                           (1.4) 
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1.3. Fuel Cell Thermodynamics 
 
Thermodynamics determine the operation of a fuel cell on a given fuel and at a given 
temperature and pressure. The potential and direction of the reaction can be predicted 
but not its rate, which is the domain of chemical kinetics.   
 
1.3.1. Reversible open circuit voltage (OCV) 
 
The basic thermodynamic quantity that determines how much work any system can 
do on its surroundings is the change in free energy, normally referred to as the `Gibbs 
Free Energy`. For fuel cells, the change in the ‘Gibbs free energy’ (G) is an important 
concept which can be defined as the ‘energy available or released to do external work’ 
[2]. The Gibbs equation relates the basic thermodynamic quantities as follows: 
 
∆G= ∆H –T∆S                                                 (1.5) 
 
Where ∆G=change in free energy.  ∆H=change in reaction enthalpy and ∆S is the 
change in reaction entropy. 
 
It is usual to consider the ‘Gibbs free energy of reaction’ (Gr) rather than Gibbs free 
energy when working with chemical reaction at standard temperature and pressure (p 
= 1atm, a = 1, T = 298K, denoted by the superscript symbol o). It is also more 
convenient to consider these quantities in the molar form which is represented by a 
bar over the corresponding term X . The change of the Gibbs free energy of reaction is 
the difference between the Gibbs free energy of reaction of the products and the Gibbs 
free energy of reaction of the reactants as follows:   
                                     
∆ rG  = rG  of products – rG of reactants                                   (1.6) 
 
So the value of the Gibbs free energy of reaction for the fuel cell reaction can be 
calculated based on Eq. 1.7 as follows: 
 
∆
r
G
  
= (
r
G )H2O – ( rG )H2  – 1/2( rG )O2                                     (1.7) 
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The convention in thermodynamics means that for a spontaneous process the free 
energy term will be a negative quantity. The value of the Gibbs free energy of 
reaction changes with temperature and state (liquid/gas) of the water product and in 
the case of the fuel cell reaction, the negative sign means that energy is released- in 
the form of electrical power.  If we consider the fuel cell process as ‘reversible’ (no 
losses), all the Gibbs free energy of reaction is converted into electrical energy 
following Eq.1.8; we can then determine the reversible OCV of the fuel cell. 
 
                                 Welec = _ ∆ rG                                                                             (1.8) 
 
The electrical work done by moving a charge Q (Coulomb) through an electrical 
potential difference E (volt) is: 
 
 
Welec = E Q                                                    (1.9) 
 
 
With:                                                       Q = n F                                                    (1.10) 
          
Where n is the number of moles of electrons transferred and F is Faraday’s constant. 
  
∆
r
G
  
= 
_ 
n F E                                                     (1.11) 
 
The Gibbs free energy of reaction for the hydrogen-oxygen fuel cell reaction is -237 
kJ/mol (under standard conditions, i.e. liquid water produced). For each molecule of 
hydrogen used one molecule of water is produced and two electrons pass through the 
external circuit [2]. Thus, the reversible voltage (Eo) for this reaction is 1.23 V using 
the following equation: 
 
   Eo =  _  ∆
r
G
  / n F                                                 (1.12) 
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1.3.2. Reversible voltage variation with temperature 
 
ET, which we define as the reversible cell voltage at the temperature T, can be 
calculated with the following equation [2]:  
 
ET = Eo + (∆ oS /n F)(T-To)                                       (1.13) 
 
For fuel cells running on hydrogen, the theoretical EMF will actually decrease as the 
temperature increases, so for example a PEM fuel cell running on hydrogen at 25 °C 
will exhibit an EMF of around 1.23V whereas a solid oxide fuel cell running at 1000 
°C will exhibit an EMF closer to 1.0 V. Despite this, the performance of the fuel cell 
at higher temperature can easily exceed the performance at lower temperature because 
the reactions kinetic are faster. 
 
 
1.3.3. Reversible voltage variation with pressure and reactant concentration 
 
The Gibbs free energy of formation varies with temperature but also with reactant 
pressure and concentration. If we consider a general reaction such as: 
 
bB + cC → dD + fF                                                 (1.14) 
 
where B and C are reactants, D and F are products, and b, c, d, and f represent the 
stoichiometric coefficients for B, C, D and F respectively. The Gibbs free of energy of 
reaction is given by: 
 
             ∆
r
G
  
=   ∆ o
r
G
 
 +  RT ln (aDd . aFf / aBb . aCc )                        (1.15) 
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where aIi is the activity of the species I raised to the power of its stoichiometric 
coefficient (i) and R is the ideal gas constant.  Utilising the overall stoichiometric 
equation (eqn 1.3) applied to the hydrogen-oxygen fuel cell, we thus obtain: 
 
∆
r
G
  
=   ∆ o
r
G
 
 +  RT ln (aH2O / aH2 . aO21/2 )                   (1.16)   
 
Combining Equation (1.12) with Equation (1.16), we obtain the Nernst equation for 
the fuel cell reaction [3]: 
 
 E = Eo _ RT/2F ln (aH2O / aH2 . aO21/2 )                     (1.17)  
  
The Nernst equation shows how the reversible voltage varies as a function of species 
activity. The Nernst equation can also be expressed as a function of gas pressure by 
replacing activities by their equivalent partial pressures measured in bar; if we 
consider the partial pressure of the water as unity which is the case if the fuel cell is 
operated below 100oC, the equation is then:  
 
E = Eo _ RT/2F ln (1 / pH2 . pO21/2 )                       (1.18) 
 
  
1.3.4. Fuel cell efficiency    
                                                
Fuel cells are not subjected to the Carnot efficiency limit as are heat engines, because 
the chemical energy is directly converted to electrical energy without any 
requirements for volume, pressure or temperature change [3]. If T1 is the maximum 
temperature of the heat engine, and T2 the temperature of the heated fluid released, 
then the maximum efficiency of a heat engine is: 
 
Carnot limit =  (T1 _ T2) /  T1                                       (1.19) 
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1.3.4.1. Ideal fuel cell efficiency   
                                               
For fuel cells, the reversible efficiency of the conversion process is the ratio of the 
maximum energy available to do work (∆G) and the total energy of the overall 
reaction (∆H), which is given by Equation (1.20): 
 
  ε  =   ∆
r
G
  
/  ∆
r
H
 
                                               (1.20) 
 
Where, ∆
r
H
  
  is the enthalpy of reaction. 
      
Two different values of ∆
r
H
 
can be used depending on the product water state. If 
water is in the form of steam, ∆
r
H
  
 = -241.83 kJ mol-1 and if water is in the form of a 
liquid then ∆
r
H
  
= -285.84 kJ mol-1. The latter figure is called the higher heating 
value (HHV) and the former one, the lower heating value (LHV). The difference in 
the two values is due to the latent heat of vaporization of water. The use of HHV and 
LHV are common in fuel cell specifications and care should be exerted in their 
interpretation depending on the temperature of operation of the fuel cell [3].  
 
1.3.4.2. Real fuel cell efficiency    
                                                
The practical fuel cell efficiency is always less than the ideal one because of voltage 
and fuel utilization losses. The real fuel cell efficiency can be calculated with the 
following formula based on the thermodynamic efficiency, but multiplied by 
coefficients representing voltage losses and fuel utilisation of less than 100% 
 
εreal  =  (∆ rG   /  ∆ rH   ) (V/E) ((i/nF)/ υfuel  )                              (1.21)  
                                                             
Where V is the real operating voltage, E is the reversible voltage, i is the current 
generated and υfuel is the rate at which fuel is supplied (mol sec-1).  
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The first term is the ideal efficiency as seen in the previous section, the second is the 
voltage efficiency which incorporates irreversible losses and the third is the fuel 
utilization efficiency which accounts for the fact that not all the fuel provided is 
converted to electricity.   
 
1.4. Fuel cell voltage losses 
 
The real voltage of the fuel cell is usually very different to the ideal voltage due to 
irreversibilities which cause voltage drops as outlined in section 1.2.5. Three major 
losses occur: Activation losses, which are related to reaction kinetics, Ohmic losses, 
which are related to charge transport, and concentration losses, which relate to mass 
transport.     
 
1.4.1. Fuel cell reaction kinetics 
Fuel cell reaction kinetics involves the electrochemical reactions and charge transfer 
steps associated with both the anode and cathode reactions. Depending on the 
conditions and type of fuel cell the kinetic at one of the electrodes, usually the 
cathode, exerts the overall control. The basic theoretical understanding of the fuel cell 
reactions is the same as that applied to electrochemical redox processes and the 
mathematical treatment is identical. The only specific difference is that the working 
fuel cell comprises of two complementary charge transfer processes – the anodic 
oxidation of the fuel e.g. hydrogen and the cathodic reduction of oxygen. In order to 
fully understand how the fuel cell works, it is necessary to understand the individual 
electrode reactions, and in order to do this we generally split the cell into its two 
respective electrodes and study each one separately in a convectional electrochemical 
setup using working, counter and reference electrodes. A fuller explanation of how 
this was carried out in this thesis is given in the experimental section. However, in this 
part we re-visit the basic electrochemical theory to give grounding for the experiments 
presented in later chapters. 
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As far as fuel cell performance in concerned, the part of the I-V cure that exhibits 
what is termed activation control ie pure electrochemical control is observed in the 
portion of the I-V curve close to the OCV. It is characterised by a perceptible 
exponential form which is an embodiment of the exponential variation of current with 
potential. The basic theory is given below. From a practical point of view, the fuel cell 
performance is only high if the charge transfer kinetics is fast. This generally means 
that a highly active electrode is required with suitable catalysts incorporated in the 
structure. If neither of these conductions is satisfied then the I-V cure will rapidly 
decrease to an unacceptably low value even if all the other controlling factors such as 
ohmic loss and mass transport are deemed adequate. 
 
Electrochemical reactions result in the transfer of electrons, the rate of which 
constitutes the measured electrical current. The study of the mechanisms by which 
electron transfer processes occur is fundamental to the understanding of how to 
improve fuel cell performance.   Electrochemical reaction rates are proportional to the 
effective reaction surface area (related to the TPB distribution), but are very sensitive 
to the activation energy for the rate determining step. A part of the available cell 
voltage has to be used to overcome the activation barrier if current is to be produced. 
This voltage loss is called the activation overvoltage (ηact). The relationship between 
current flux and overpotential under purely activation control is given by the Butler-
Volmer (equation 1.22) [4] where the first term represents the anode contribution 
(blue curve in Fig. 1.3) and the second term represents the cathode contribution (green 
curve in Fig. 1.3); the sum of the two terms giving the full function (yellow curve in 
Fig. 1.3): 
 
j = jo[exp(αnFηact/RT) – exp-((1-α)nFηact/RT)]                 (1.22) 
 
where j is the current density, and jo is the exchange current density. α is the charge 
transfer coefficient; it expresses how the change in the electrical potential changes the 
rate of an electrochemical reaction. For most electrochemical reactions, α ranges from 
0.2 to 0.5.  
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Figure 1.3: Plot of the Butler-Volmer equation. 
 
The exchange current density (jo) is a measure of the reaction rate at equilibrium 
condition between reactants and products in the absence of an activation overvoltage. 
A high value of jo means a facile reaction and thus a high reaction rate at low 
overpotentials. It is then crucial to increase jo in order to maximise the electrode 
performance. It can be accomplished by: i) increasing reactant concentration, ii) 
increasing reaction temperature, iii) decreasing the activation barrier (catalysts), and 
iv) increasing the number of reaction sites.  
When ηact is large (> 50-100 mV), the Butler-Volmer equation can be simplified to the 
Tafel equation [4]:    
                           ηact = 2.303(RT/αnF) log10 (j/jo)                                       (1.23) 
 
If a graph of overvoltage (η) against log of current density is plotted (Tafel plot), from 
the slope and intercept of the linear fit to this plot, jo and α can be calculated.  
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1.4.2. Fuel cell charge transport 
 
The term “fuel cell charge transport” has been adopted by fuel cell investigators to 
mean the flux of electron and ion within their respective conducting phases, such as 
the electrolyte for the ions and the electrodes for the electrons. This is in distinction to 
the term “fuel cell charge transfer“,  which is synonymous with electrode kinetics- as 
outlined above.          
Charge transport, which includes both electrons and ions in an electrochemical 
reaction, is driven by the voltage gradient developed across the conductive phase.  
Generally the energy to drive the flux of current through a phase of uniform 
composition is a linear function i.e, voltage is proportional to current. In 
electrochemical systems, such as fuel cells, the voltage used to drive charge transport 
represents a loss which obeys Ohm’s law (Ohmic loss: ηohmic): 
 
V = i R                                                     (1.24) 
 
Generally the Ohmic resistance of a component material is determined from its 
resistivity which is often provided from data sheets or technical specifications of the 
material. The resistivity ρ of a sample of component material with a regular geometry 
is given by the relationship: 
 
ρ = R A/l                                                   (1.25) 
 
Where R = resistance in Ω, ρ = resistivity in Ω cm, l is the thickness of the sample and 
A is the geometrical surface area of the specimen. It is often convenient to use the 
reciprocal quantities conductivity and conductance. 
Often the specific resistance or area resistance of the sample material is used in 
modelling work, in which case the units are Ω cm2. This form of representation is 
particularly useful for describing the resistance of large but thin electrodes where the 
thickness is difficult to measure with precision.  
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The total voltage loss in the fuel cell stack due to charge transport is the summation of 
all Ohmic contributions including the electrodes, the electrolyte membranes, the bi-
polar plates and the end plates used for current collection.  
 
Ionic conductance is generally orders of magnitude lower than electronic conducting 
materials, especially in metals. Even in mixed conductors, the electronic contributions 
can easily dominate over the ionic contribution. The reason for this is that the mobility 
of the electron is very high compared to any ionic species. In the case of ions, 
motilities are generally low which means that significant conductance can only be 
achieved if the concentration of ions is high e.g. 32% KOH for a liquid alkaline fuel 
cell.  
  
The situation for the electrodes can be relaxed if they are made from metallic 
materials such as nickel, in which case the electrode thickness can be in the mm 
range. This allows the electrode to be a structural component as well as a functional 
component.     
       
For a well constructed fuel cell, the ionic conductivity is by generally the main source 
of Ohmic loss, being in general four to eight orders of magnitude lower than the 
electronic conductivity. There are three ways to reduce the Ohmic resistance: i) the 
use of highly conductive electrodes, ii) the use of highly conductive materials in well 
designed bipolar plates, and iii) making the electrolyte as thin as possible.  
 
1.4.3. Fuel cell mass transport 
 
Mass transport, which includes the supply and removal of reactant and products, leads 
to a loss in fuel cell performance due to reactant depletion. Mass transport in the 
electrode is dominated by diffusion, whereas it is dominated by convection in flow 
channels. At high current densities, the diffusive character of the electrode, which is 
structure sensitive, leads to a limiting current density (jL) where the reactant 
concentration falls to zero in the active layer. Thus, jL is the maximum current density 
that can be reached by the electrode.  It can be calculated from the following equation: 
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jL = n F Deff  (CR /  δ)                                          (1.26) 
 
where Deff is the effective reactant diffusivity within the active layer, CR is the flow 
channel  reactant concentration,  and δ is the diffusion layer thickness. 
 
As can be seen from Equation (1.26), jL can be maximized by ensuring a high CR 
(related to bipolar plate design) and by ensuring that Deff is large and δ is small 
(related to electrode structure). 
 
 
1.5. Conclusions 
 
A fuel cell is an electrochemical device which directly converts chemical energy into 
electrical energy with high efficiency. Different type of fuel cells exist which can be 
classified by their operating temperature and electrolyte materials; alkaline fuel cells 
are a type of low temperature fuel cell. Fuel cell performance is directly related to the 
processes occurring at the interface between electrodes and electrolyte. The higher the 
surface area, the higher the performance. Maximum fuel cell performance means 
maximised three phase boundary density, where reactant gas, electrolyte and catalyst 
meet. In low temperature fuel cells, high performance is only achieved when active 
catalysts are incorporated in the structure of the electrodes. 
Fuel cell operation under reversible conditions can be described by the overall cell 
reaction which is a function of the temperature, pressure and species concentration. In 
practice high performance comes with a cost – voltage and therefore energy is lost by 
virtue of unavoidable internal resistance and by the finite rate at which fuel and other 
reactants can be supplied. These losses are termed irreversible in the sense that they 
are not part of the thermodynamic picture. Three major irreversible losses occur: 
Activation losses, which are related to reaction kinetics, Ohmic losses, which are 
related to charge transport, and concentration losses, which relate to mass transport.  
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It is fundamental to understand how a fuel cell works, and therefore how voltage 
losses occur, in order to formulate and improve electrode performance. In this thesis, 
the recording of I-V curves and the use of the electrochemical impedance 
spectroscopy technique, which will be described in Chapter 3, have formed the major 
basis of the investigation of electrode performance and behaviour.    
 
 
 
1.6. References  
 
[1] EG&G Technical Services; Fuel Cell Handbook (Seventh edition). U.S 
Department of Energy (2004). 
 
[2] R. O’hayre, S-W Cha, W. Colella, F. B. Prinz; Fuel Cell Fundamentals. John 
Wiley & Sons: New York (2006). 
 
[3] J. Larminie, A. Dicks; Fuel Cell Systems Explained (Second edition). John Wiley 
& Sons: New York (2003). 
 
[4] M. M. Mench; Fuel Cell Engines. John Wiley & Sons: New York (2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 39 
Chapter 2: Review of Gas Diffusion Cathodes for Alkaline 
Fuel Cells 
 
  
 
2.1. Abstract 
 
This chapter gives a technical background to alkaline fuel cells (AFCs), introducing 
the advantages and drawbacks of the technology. AFCs offer the potential for low 
cost, mass producible fuel cells, without the dependency on platinum based catalysts 
and (currently) expensive membrane electrolytes. The AFC uses relatively low cost 
electrolytes utilising aqueous bases such as potassium hydroxide. The inherent CO2 
sensitivity of the electrolyte can be addressed by filtering out the CO2 from the air 
intake using a simple scrubber and periodically replacing the liquid electrolyte.  
 
A review of the state-of-the-art in gas diffusion cathode development is given. The 
overall cell performance and stability is dominated by the behaviour of the cathode, 
leading to a focus of research effort on cathode development. The performance and 
durability of the gas diffusion electrode is very much dependent on the way in which 
the layer structures are fabricated from carbon and polytetrafluoroethylene (PTFE). 
The choice and treatment of the carbon support is of prime importance for the final 
catalytic activity. Noble metal and non-noble metal catalysts have been investigated 
and show good performance; however, more work is still needed on cathode 
durability to ensure the long term success of the alkaline fuel cell. 
 
  
2.2. Introduction  
 
Alkaline fuel cells (AFCs) were the first practical working fuel cell following the 
pioneering work of Bacon [1]. AFCs can realise a high overall electrical efficiency 
greater than most other fuel cell types [2]. Recently, a system consisting of a 6 kW 
stack connected to the grid showed an efficiency between 50 and 60% (LHV) [3]. The 
AFC was developed and studied extensively throughout the 1960s to the 1980s [4], 
prior to the emergence of the proton exchange membrane fuel cell (PEMFC), which 
has subsequently attracted most of the attention from developers. However, primarily 
because the predicted cost reduction in PEMFCs remains problematic, a resurgence of 
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interest in AFCs has occurred in recent years [5-9]. The utilisation of non-noble metal 
catalysts and liquid electrolyte makes the AFC a potentially low cost technology 
compared to PEMFCs, which employ platinum catalysts and specially engineered 
electrolyte materials. Cost analyses have shown that ambient air AFC systems, for 
mobile and low power applications, are less expensive than ambient air PEMFC 
systems, and that AFCs still have the potential of major improvements with modest 
investment [10, 11].  
 
Historically, four different types of AFC cells have been developed and a description 
of each has been given by Gulzow [10]. These can be summarised as follows:  (i) cells 
with free liquid electrolyte, (ii) cells with liquid electrolyte in the pore-system, (iii) 
matrix cells where the electrolyte is fixed in the electrode matrix, and (iv) falling film 
cells. The one common aspect of these cells is that they all use porous electrode 
architectures which are similar to the electrode used in metal air batteries [12]. More 
recently, the alkaline anion-exchange membrane (AAEM) has attracted increasing 
attention [13-15]. The feasibility of a AAEM direct methanol fuel cell has been 
discussed, taking into account the thermodynamic disadvantage induced by the pH 
difference across the membrane, and kinetic advantages; it was concluded that the 
technology was worth further study [16]. The development of AAEM fuel cells have 
several important advantages over conventional AFCs: (i) since there is no mobile 
cation there is no precipitated carbonate, (ii) no electrolyte weeping, (iii) reduced 
methanol crossover, (iv) potentially simplified water management, due to the fact that 
the water is produced at the anode and consumed at the cathode, (v) a larger repertoire 
of effective catalyst materials, and (vi) potentially reduced corrosion [17]. However, 
while the AAEM fuel cell holds great promise, developments still need to be made to 
achieve suitably conducting and stable membranes.  
  
The anode electrode for AFCs has been less studied than the cathode, where catalysts 
containing platinum-group metals such as Pt/Pd have shown good performance and 
stability [18, 19]. Nickel has also been studied as a potential low cost catalyst for 
AFCs anodes [20, 21]. Raney nickel, which offers the advantage of high surface area, 
has been shown to be one of the most active catalysts for the hydrogen oxidation 
reaction in alkaline media, but has been reported to suffer from deactivation [22-24], 
which could be improved by the addition of copper [25] or treatment with H2O2  [26].  
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The power output and lifetime of alkaline fuel cells are directly linked to the 
behaviour of the cathode, where most of the polarization losses occur.  This is because 
the oxygen reduction reaction (ORR) is a slow reaction compared with hydrogen 
oxidation reaction at the anode. As a consequence, cathode development requires 
special attention to find the best catalyst and electrode structure to combine 
performance and stability. After a brief technology background, this review focuses 
on the state-of-the-art gas diffusion cathode materials and designs used with 
circulating electrolyte AFCs.  
 
2.3. AFC technical review 
 
In an alkaline fuel cell (Fig. 2.1), hydroxyl ions are produced at the cathode and 
migrate to the anode side where they react with hydrogen. Some of the water formed 
at the anode diffuses to the cathode and reacts with oxygen to form hydroxyl ions in a 
continuous process. The overall reaction produces water and heat as by-products and 
generates four electrons per mole of oxygen, which travel via an external circuit 
producing the electrical current.  
 
 
 
Figure 2.1: Diagram showing the fundamentals of an alkaline fuel cell. 
 
 
Cathode Electrolyte Anode 
O2 H2 
OH- 
H2O 
e- 
LOAD 
e- 
KOH 
 
Cathode: O2 + 2H2O + 4e- → 4OH- 
 
Anode: 2H2 + 4OH- → 4H2O + 4e- 
 
Overall: O2 + 2H2 → 2H2O 
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The use of a non-noble metal catalyst is possible because the oxygen reduction 
reaction (ORR) in alkaline media is more facile than in acid media. As a consequence, 
higher voltages at a given current density can be obtained, leading to a higher 
electrical efficiency [4]. 
 
The main disadvantage of AFCs is that carbon dioxide can react with the electrolyte 
to form carbonate (Eq.2.1), decreasing the electrolyte conductivity, oxygen solubility 
and electrode activity.  The formation of precipitated carbonate (Eq.2.2) can also lead 
to the blockage of the electrolyte pathways and electrode pores. 
 
 
 
CO2 + 2OH- → CO32- + H2O                                    (2.1) 
 
CO32- + 2K+ → K2CO3                                                       (2.2) 
 
 
Potassium hydroxide solution (KOH) is almost exclusively used as the electrolyte 
because it has a higher ionic conductivity than sodium hydroxide solution, and 
potassium carbonate has a higher solubility product that sodium hydroxide, which 
renders the former less likely to precipitate [27].  
 
In most terrestrial applications, the KOH electrolyte is circulated through the stack, 
which has some advantages over the alternative immobilized systems which have 
been favoured in space applications such as Apollo and the Space shuttle. The use of a 
circulating electrolyte allows thermal and water management to be easily controlled. 
Moreover, impurities (e.g. carbon from electrodes or carbonates) can be easily 
removed, making the circulating electrolyte systems less sensitive to CO2 poisoning 
than the immobilized electrolyte systems. The OH- concentration gradient is also 
greatly decreased and the build up of gas bubbles in the gap between the electrodes 
minimized [28]. However, electrolyte leakage and parasitic losses are challenging 
problems and need to be carefully considered by developers. The main advantage of 
the immobilised systems is the simplicity of construction and the ready removal of 
product water from the hydrogen side of the system. However, such systems are very 
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prone to degradation of the electrolyte due to impurities, and require very pure 
hydrogen and oxygen to function reliably. Because of this, they are ideally suited for 
space applications where tanked hydrogen and oxygen are used for propulsion.  
 
As a consequence of the CO2 sensitivity, AFCs have tended to be demonstrated in 
special applications where pure hydrogen and pure oxygen are provided, such as 
space. In such systems the KOH electrolyte has been immobilized in a matrix 
constructed from thin asbestos sheets. Asbestos is the preferred material in this 
application due to its exceptional stability and absorption properties. The use of a 
porous matrix, soaked with KOH, which allows the elimination of moving parts, was 
developed by NASA. Bacon’s invention of the double-layer sintered electrode made 
from nickel powder was the starting point of this technology, which led to its use as 
the electrical power source in the Apollo missions to the Moon and later in the shuttle 
Orbiter. The Orbiter fuel cell system, which operated at 4 atmospheres and 95 °C, was 
manufactured by United Technologies Corp, (UTC) Fuel Cells. The system has given 
impressive performance up to 470 mA cm-2 at 0.88 V. However, in order to achieve 
this performance, the electrodes required a high noble metal loading of 10 mg cm-2 at 
the anode (80% Pt-20% Pd), and 20 mg cm-2 at the cathode (90% Au-10% Pt) [29].  
  
Alkaline fuel cells were the first fuel cell technology to be put into mobile 
applications through its demonstration as the power source for a farm tractor in the 
late 1950s by Allis Chalmers. Union Carbide Corp. (UCC) developed circulating 
electrolyte systems leading to the demonstration of Kordesch’s Austin A 40 fuel cell 
car for several years on public roads in the early 1970s [4, 30].  
 
In more recent years, AFC companies such as Zetek [31, 32] focused on the design of 
circulating electrolyte low temperature unpressurised systems for backup power, 
stationary and mobile applications. The aim was to achieve a low cost mass 
production fuel cell. Injection-moulded plastic frames (usually polypropylene), which 
house the electrodes, were used to build the stack. Each frame was friction welded to 
the next to ensure that the stack was leak-free. Low cost electrode production was 
ensured by the use of standard industrial processes such as rolling (calendaring) and 
pressing. 
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The electrolyte of choice for terrestrial applications running on air and industrial 
grade hydrogen is 30-40 % KOH, circulated though the stack with a pump. This has 
the advantage of allowing easy replacement when CO2 absorption has reached an 
unacceptably high level.  Moreover, circulating electrolytes provides a very effective 
way of cooling the stack and heat recovery via a heat exchanger. The system is 
designed to be as simple as possible as outlined in (Fig. 2.2).  
 
 
 
 
Figure 2.2: Schematic of a circulating electrolyte alkaline system.  
 
The electrolyte circulation loop consists of a KOH tank, a KOH pump and a heat 
exchanger. During start up the KOH is heated to the desired operating temperature, 
typically 70 °C. During operation the heat exchanger is used to remove excess heat. 
This can be recovered for space heating applications. An air blower forces air into a 
CO2 scrubber (usually containing soda lime), from where the air is directed to the air-
intake. McLean estimates the cost of the scrubbing using soda lime between 0.2-2.6 
Dollar cents/kWh [10]. The outlet air is directly exhausted to the atmosphere whereas 
the hydrogen is re-circulated or dead ended for maximum efficiency. The hydrogen 
circulation is achieved by means of a jet pump which facilitates the evacuation of the 
excess water that is collected in a water trap. The start-up/shut-down procedure is 
quick and easily performed by means of a nitrogen purge [32-34].  
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Both monopolar [31, 32] and bipolar stack designs [6, 34] have been demonstrated. 
The monopolar stack design (Fig. 2.3) presents several advantages: (i) low cost due to 
the avoidance of expensive bipolar plates, (ii) stack thickness decreases as there is 
only one gas chamber between two electrode, (iii) no mechanical pressure is required 
because cells are usually glued or welded, (iv) modularity of the power delivered by 
changing the external current connectors and (v) the disconnection of a bad cell 
facilitates maintenance of the stack [28].  However, the monopolar design is limited to 
a current density of up to 100 mA cm-2 due to the losses associated with current 
collection on the side of each electrode. By contrast, the bipolar design demonstrates a 
uniform current density over all of the electrode surface and higher terminal voltage 
with less power limitation, and is therefore the preferred geometry for high power 
applications [34].   
 
 
 
 
Figure 2.3: Picture of a monopolar Zetek stack (University of Agder). 
 
Typical AFC performance obtained at different temperature and pressure are given in 
Fig. 2.4.   
 
A 20,000 h life time of accumulated module operation has been achieved by Siemens 
using a Ni-anode and Ag-cathode [33] and 15,000 h with a shorter stack than usually 
used in the Space-Shuttle by UTC [2]; however, this performance data was obtained 
with pure oxygen and hydrogen. When air is supplied to the system, even with 
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scrubbing a large part of the CO2, lifetime is much less. A stack made by Zevco has 
been reported to have delivered power for 5,000 h using low platinum loading and a 
circulating electrolyte system [32]. Insufficient studies have been done to date and the 
durability of AFC systems remains a key issue, especially when using non-noble 
metal catalysts and air.   
 
 
 
Figure 2.4: Evolution in AFC system performance: H2/air performance is shown as 
solid lines and H2/O2 performance is shown as dashed lines [29].  
 
         
2.4. AFC gas diffusion cathode 
 
2.4.1. Electrode design 
 
In general, AFC electrodes consist of several PTFE-bonded carbon-black layers, 
which fulfil different functions. The double-layer electrode structure shown 
schematically in Fig. 2.5, consists of a backing material (BM), a gas diffusion layer 
(GDL) and an active layer (AL). This design is preferentially used over single layer 
electrodes [35]. More complex electrode designs with more than three layers have 
been reported; for example, two different GDLs on top of each other and an AL; 
however, such geometries are rare [28]. 
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Figure 2.5: Design of a double layer electrode for a bipolar stack design. 
 
 
The BM should have a high permeability to gases, high structural strength, good 
corrosion resistance and high electronic conductivity. In a monopolar design, the BM 
serves as the current collector, so metal screens, meshes or foams, usually made of 
nickel, are generally used. In bipolar designs, the BM is in direct contact with the 
bipolar plate. This means the BM can also be made of carbon cloth or porous carbon 
paper in a similar way to the design of  PEM fuel cells [34]. 
 
The GDL supplies the reactant gas to the AL and prevents the liquid electrolyte from 
passing through the electrode. This effect is often termed ‘weeping’. Monopolar 
designs almost exclusively use a GDL made from porous PTFE. The porosity is 
achieved by mixing the PTFE suspension with sugar or ammonium carbonate. When 
sintered at elevated temperature, the ammonium carbonate filler decomposes, 
producing gas bubbles which create porosity in the PTFE film [36].  Bipolar designs 
require a GDL that is electronically conducting. This precludes using pure PTFE and 
instead favours mixtures of PTFE with conducting carbon support [37]. The ratio of 
carbon / PTFE (25-60% PTFE) is a trade-off between the level of hydrophobic 
behaviour of the PTFE and the conductivity of the carbon support. Ideally the GDL 
should be completely water repellent and of metallic conductivity.  
Electrolyte Reactant Gas 
Active Layer 
Gas Diffusion Layer 
Backing Material 
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The active layer (AL) contains the catalyst which is usually supported on carbon black 
and bonded together with PTFE. The carbon black is chosen to have a high surface 
area to maximise the power density. The level of PTFE in the AL is less than in the 
GDL, typically the AL will contain between 2 and 25% PTFE, depending on the level 
of hydrophobicity required. The basic function of the PTFE in the active layer is to 
bind the carbon black together, but still provide multiple three-phase contact points 
where gas, electrolyte and carbon supported catalyst meet [38]. Different structures 
depending on the nature of the carbon support, carbon/PTFE ratio and electrode 
fabrication process can be obtained where electronic conductivity, ionic transport and 
gas transport have to be provided [39].    
 
2.4.2. Materials used in electrode fabrication 
 
AFC electrodes can be made of different materials with different structures, but 
modern electrodes tend to use high surface area carbon supported catalysts and PTFE 
to obtain the necessary TPB. Electrode performance in AFCs depends on catalyst 
surface area rather than catalyst weight. As with all other fuel cells, the catalyst 
loading is a critical parameter in determining performance.  The nature of the catalyst 
support is also of prime importance to achieve high catalytic activity.  
        
PTFE is a hydrophobic polymer material which has become the binding agent of 
choice since its commercial introduction in the 1950s by Dupont; although other 
materials are sometimes used (paraffin, polyethylene, polypropylene, wax etc.).  It is 
available either as dry powder additives, or as a ready made aqueous suspension 
(containing proprietary dispersants). Both of these forms have been used to make 
electrodes [39]. PTFE can be present in the form of spherical particles, fibrils or thin 
films on porous substrates [40]. The PTFE penetrates deep into the sub-surface of the 
carbon when the dispersion is mixed with the carbon black powder. However, 
generally it is necessary to melt the PTFE in order to provide a thin film over the 
entire surface of the carbon black. This process is usually called sintering and takes 
place at temperatures around 320 °C  [41, 42].  
 
The electrical, chemical and structural properties of carbon make it an ideal material 
for use in AFC electrodes [43]. Carbon blacks, which are the most commonly used 
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carbon support in AFC electrode fabrication, consist of carbon in the form of near 
spherical particles obtained by the thermal decomposition of hydrocarbons. High 
surface area is achieved in a separate step, by treatment with steam at a temperature in 
the range of 800-1000 ºC. The inner core of the carbon particle is less ordered than the 
outside, and as a consequence the action of the steam causes large numbers of pores to 
form which interconnect to create the characteristic high surface area. The particle, 
however, does not completely disintegrate, but remains agglomerated to its 
neighbours. Specific surface areas of over 1000 m2 g-1 can be obtained [44]. Porosity 
and surface area are the main characteristics of the carbon black structure. Studies 
have been carried out in order to gain better control of the carbon structure during the 
fabrication process [45]. Oxygen and hydrogen groups are introduced onto the carbon 
surface during the manufacturing process. The carbon-oxygen group is by far the most 
important and influences the physico-chemical properties of carbon blacks. 
Chemisorption of oxygen, and a build-up of carbon-oxygen surface compounds, 
occurs at temperatures below 400 ºC, whereas decomposition of these compounds 
occurs above 400 ºC. Formation of these groups by oxidative treatment in gaseous 
and liquid phases has been comprehensively studied [44, 46]. 
 
Despite the preference to use carbon black in gas diffusion electrode (GDE) 
fabrication, alternative catalyst supports have been tried. Hacker reported similar 
performance between silver and platinum catalysts supported on carbon nanofibres 
showing the capability of the fibres to provide the required porosity and pore structure 
to obtain good performance [47]. Huang showed higher performance using a binary 
catalyst support composed of carbon nanotubes (CNT) and active carbon black 
compared with a single-support catalyst. The best performance was obtained when the 
mass ratio was 50:50 [48]. Yang also showed good electrochemical performance with 
the same kind of binary support using MnO2 as catalyst. A higher accessible surface 
area, an improved conductivity, and faster ORR kinetics explain the improvement 
[49]. Carbon nanotube / perovskite composite materials have also been tested by 
Weidenkaff with promising results [50].  
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2.4.3. Operational Mechanism 
 
The electrochemical behaviour of the GDE can be controlled by varying the structure 
of its component layers and in particular by varying the ratio of hydrophobic and 
hydrophilic pores within the carbon support. Two structures have been developed, 
each playing a different role within the electrode. The primary ‘macro’ structure is 
formed at distances greater than 1µm, and is created by the partial enclosure of the 
carbon particles by the PTFE. It forms the skeleton structure which ensures electronic 
conductivity throughout the electrode and also provides mechanical support. Different 
macrostructures can be obtained by varying the carbon particle size and shape, the 
carbon / PTFE ratio, and the electrode fabrication process.   The secondary ‘micro’ 
structure, created by the pore system inside of the carbon particles, depends on the 
surface area and pore structure of the carbon used. This structure is directly linked to 
the carbon manufacturing and activation process which greatly influences the micro-
porosity of the carbon particles  [39]. Indeed, the carbon particles have been shown to 
consist of macropores which are hydrophobic, and micropores (<0.01 µm) which are 
hydrophilic. The hydrophilic and hydrophobic property of the carbon depends on the 
nature of the surface groups which can be selected by various thermal and chemical 
treatments. The hydrophobic macropores have been shown to play an essential role in 
gas mass-transport by acting as gas supplying channels. The ORR mechanism occurs 
in the hydrophilic micropores which are filled with electrolyte  and on the boundary 
of micro and macropores [51, 52]. 
 
The TPB is formed in the outer regions of the carbon particle shell where it is covered 
by a film of liquid electrolyte at the interface between the carbon micro and macro 
structures. The carbon particles arrangement is described as a ‘tight bed of packed 
spheres’ where the large vacancies between the particles are filled with electrolyte 
ensuring the ionic transport and where the carbon pore system and hydrophobic 
channels created by the PTFE ensure the gas transport as shown in Fig. 2.6 [39].   
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Figure 2.6: Schematic illustration of the carbon macro and micro structure within the 
active layer [39].  
 
 
The thicknesses of the different layers have to be controlled to optimise electrode 
performance. The GDL thickness has to be as thin as possible to maximise oxygen 
accessibility, while the AL has to be optimized to maximize the reaction area 
constituted by the TPB. Kiros obtained maximum limiting current densities with two 
different catalysts, the AL thickness lying between 0.5 and 0.6 mm [53]. 
 
2.4.4. Electrode Modelling 
 
Many publications have discussed the behaviour of porous electrodes in alkaline fuel 
cells. Whereas some authors have focused on specific issues such as current 
distribution [54], or the degree of catalyst utilization [55, 56], the majority have tried 
to understand the overall mechanism of operation in the GDE related to the structure; 
considering factors such as gas diffusion and electrolyte penetration. Several models 
have been used such as the simple pore model [57], the thin film model [58] or the 
dual scale of porosity model [59]. In the former, a range of porosities is considered, 
where macropores are gas filled and micropores are electrolyte filled [60, 61]. Giner 
[62] listed the limitations of this ‘flooded porous electrode’ model introducing the 
concept of ‘flooded agglomerates’. The operational mechanism of this structure, 
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shown in Fig. 2.7, consists of catalyst particles which form porous agglomerates 
‘flooded’ with electrolyte under working condition. The agglomerates are kept 
together by the PTFE which creates hydrophobic gas channels. Reactant gases diffuse 
through the channels and dissolve in the electrolyte contained in agglomerates to react 
on available catalyst sites. It has been reported elsewhere that the concept of ‘flooded 
agglomerates’ gives a satisfactory explanation for the behaviour of PTFE-bonded gas 
diffusion electrodes, and is in good accordance with experimental findings [40, 63-
65].   
 
 
Figure 2.7: Schematic illustration of the ‘flooded agglomerate’ model [62]. 
 
Further single cell (anode/electrolyte/cathode) models have shown that cathode 
reaction kinetics are particularly important in determining the overall cell 
performance, predicting that the diffusion of dissolved oxygen contributes most to the 
polarization losses at low potentials (high current region), while the electronic 
resistance contributes most at high cell potentials (low current region). As a 
consequence, cell performance can be increased by means of improved cathode 
fabrication methods, in which both gas-liquid and liquid-solid interfacial surface areas 
are increased and the diffusion path of dissolved oxygen to catalytic sites is reduced 
[30, 56, 66-68]. 
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2.4.5. Electrode Fabrication 
 
Since different electrode structures lead to different cathode performance, the 
electrode fabrication requires special attention where the gas permeability of the GDL 
and the wettability of the AL are the two main performance-limiting factors [69]. 
Structural parameters of the different layers can to be optimized by varying the carbon 
support used, the carbon/PTFE ratio and the fabrication conditions to obtain the best 
cathode performance [12, 39, 70-72]. The electrochemical performance of the 
electrodes is also controlled by the initial porous structure and chemical surface 
properties of the active carbon, which in turn depend on the process fabrication route. 
An activation step appears to improve the electrochemical activity and stability of the 
carbon black by means of thermal, physical and chemical treatments [73, 74]. 
Increased surface area, formation of a defined inter-pore structure and an increased 
surface activity by the formation of catalytically active groups on the surface occurs 
during such treatment. The activity of carbon black is proportional to its surface area, 
the higher the better [75]. High temperature treatment leads to a higher surface area 
and as a consequence to a higher electrochemical activity. Carbon pre-treatment needs 
to be specific to the type of carbon black. For example, the surface area has been 
found to increase significantly for Vulcan XC-72 in the presence of CO2, whereas a 
N2 atmosphere is required for Ketjenblack when heat-treated at 900oC [76].   
     
Pressing, rolling, screen-printing and spraying methods are used in the production of 
AFC electrodes [72, 77]. The rolling method is the most commonly applied. The 
process shown in Fig. 2.8 is generic and variations include addition of filler materials 
such as sugar or ammonium bicarbonate, along with various washing or drying steps. 
If PTFE powder is used and ground with the carbon, the method is referred to as the 
‘dry-method’. If PTFE suspension and water are mixed with the carbon black it is 
referred to as the ‘wet-method’ [71]. 
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Figure 2.8: Electrode fabrication: The rolling method. 
 
The method of mixing the carbon black with the PTFE will have a direct effect on the 
electrode activity and stability. Musilova showed that using an aqueous PTFE 
deposition process onto the carbon surface leads to a hydrophobic blend. However, if 
ethanol is used instead, the electrode is more hydrophilic [78]. Motoo and Watanabe 
showed that very fine networks of gas channels are needed in the AL to obtain high 
performance. Since diffusion of dissolved reactant gas is a limiting factor for high 
current generation, good dispersion of the carbon and PTFE particles is required to 
increase the number of gas dissolving sites and reduce the diffusion path length of 
dissolved gas to the catalyst sites, resulting in a performance increase. To achieve this, 
new techniques of fabrication have been applied involving, for example, colloid mill 
and ultrasonic agitation [79-81]. 
 
2.4.6. The oxygen reduction reaction (ORR) in alkaline media 
 
Optimising the cathode performance is essential because it governs the overall 
performance of the fuel cell. According to Bockris at high current density, 80% of the 
polarization may be due to the oxygen reduction [2].  The ORR is a complex process 
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involving four coupled proton and electron transfer steps. Several of the elementary 
steps involve reaction intermediates leading to a wide choice of reaction pathways. 
The exact sequence of the reactions is still not known, and identification of all 
reaction steps and intermediates, and their kinetic parameters is required, which is 
clearly challenging. Appleby has reviewed and discussed the issues relating to the 
ORR in acid and alkaline solution [82]. In acid electrolyte, the ORR reaction is 
electrocatalytic, as pH values become alkaline, redox processes involving superoxide 
and peroxide ions start to play a role and dominate in strongly alkali media. The 
reaction in alkaline electrolytes may stop with the formation of the relatively stable 
HO2- solvated ion, which is easily disproportionated or oxidized to dioxygen. 
Although there is no consensus on the exact reaction sequence, two overall pathways 
take place in alkaline media [83]:  
 
(i) Direct 4-electron pathway:  
O2 + 2H2O + 4e- →       4OH-                   (2.3)
       
(ii) Peroxide pathway or ‘2+2-electron’ pathway:  
O2 + H2O + 2e-    →     HO2- + OH-                   (2.4)
        
With HO2- + H2O + 2e-   →   3OH-                (2.5) 
 
The peroxide produced may also undergo catalytic decomposition with the formation 
of dioxygen and OH-, given by:  
2HO2- →   2OH- + O2                   (2.6) 
 
 
The kinetics of the ORR reaction is more facile in alkaline medium than in some acid 
medium such as H2SO4 (Markonic 1997). This is also illustrated by the comparison 
made by Blurton [84] for the operating potentials of a fuel cell running on H2/O2 at a 
controlled current density of 100 mA cm-2 at 70 ºC with platinum electrodes. These 
workers reported a potential of 0.67 V for 13.9 M H3PO4 and a potential of 0.89 V for 
6.9 M KOH versus a hydrogen reference electrode.  The higher voltage (performance) 
of the alkaline system was explained by the preferred formation of peroxide species in 
the alkaline medium which desorbs more readily than in the acid counterpart. 
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Blizanac [85]  used a thermodynamic analysis to explain the origin of the pH effect, 
showing that the overpotential required to facilitate the 4-electron transfer process at 
high pH is relatively small compare to the potential required at low pH in the case of 
Ag (111). At high pH, no specific chemical interaction between the catalyst and O2 or 
O2- is required, whereas strong chemical interaction is necessary at low pH. Blizanac 
also explained how the low activity of catalysts in acid media is exacerbated by the 
presence of spectator species adsorbed onto the electrode surface, which act to 
physically block the active sites and also lower the adsorption energy for 
intermediates, so retarding the reaction rate. 
2.4.7. Cathode catalyst materials 
Due to the inherently faster kinetics for the ORR in alkaline media, a wide range of 
catalysts have been studied including noble metals, non-noble metals, perovskites, 
spinels, etc [37,48,71,140,144]. However, it is important to appreciate that the carbon 
support plays a role in the kinetics as well as the catalyst supported on its surface, so 
that in evaluating the performance, it is necessary to assess the loading of the catalyst 
and the type of carbon used where its hydrophobic properties as well as its surface 
groupings greatly affect the final hydrophobic structure and the TPB length of the 
electrode. The performance of the catalyst/support system is considered since carbon 
participates in the reaction by a 2-electron process. The catalytic activity of the system 
is directly linked to the physical and chemical characteristics of the carbon support. 
The catalyst deposition method is critical since a high catalytic activity relies on a 
very fine and well dispersed catalyst particle. In the case of platinum, the particle size 
is generally in the nanometre range. The carbon impregnation of metal salt solution 
with further reduction of the metal is commonly used, and well known for it 
simplicity and ability to produce metal nanoparticles with nearly mono-dispersed size 
distribution and easy scale-up [151-154]. 
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2.4.7.1. Noble metal catalyst 
 
Platinum is the most commonly used and active catalyst for the electro-reduction of 
oxygen and all of the platinum-group metals reduce oxygen in alkaline media 
according to the direct four electron process [86-94]. At a very low Pt/C ratio, the 
overall number of electrons exchanged is approximately two due to the carbon 
contribution, but increases as the Pt/C ratio increases, reaching four electrons at 60% 
wt.Pt [95]. Pt-based alloys have been studied and generally exhibit higher activity 
[96] and stability [97] than Pt-alone. The enhanced electrocatalytic activity of Pt-alloy 
systems has been explained by a number of phenomena, including: (i) reduction in Pt-
Pt bond distance, favouring the adsorption of oxygen; (ii) the electron density in the Pt 
5d orbital and (iii) the presence of surface oxide layers [95, 98-101]. Due to the high 
cost of Pt, techniques have been developed to reduce loading [56, 95, 101-103]. For 
example, monolayer deposition of Pt on non-noble metal nanoparticles showed 
improved catalytic properties with a very small amounts of Pt [103, 104]. The carbon 
impregnation with hexachloroplatinic acid solution (H2PtCl6.6H2O) followed by metal 
reduction using heat treatment or wet chemical methods, have been widely used to 
produce a catalyst particle size lying between 12 to 34 nm  [48, 78, 95, 105, 106]. A 
more complex colloidal precursor deposition technique showed a PtRu particle 
diameter close to 2 nm [107, 108].   
 
Silver has been studied as a potential replacement of Pt due to its high activity for the 
ORR and its lower cost. Silver in alkaline solutions is oxidized in two steps; first a 
layer of Ag2O is formed which is partly oxidized in the second to AgO [109]. ORR 
occurs with the participation of  2 and 4 electron processes, depending on the surface 
state and in particular on its oxidation state and electrode potential [47, 110-118]. The 
size of the Ag particles affects the different catalytic activity for these two processes. 
Four electrons are exchanged during ORR on nano-dispersed silver particles on 
carbon, with an optimum loading lying between 20 wt% [111] and 30 wt% [113]. The 
effect of electrolyte concentration is positive for silver catalyst but not for Pt catalyst, 
which is slightly hindered due to greater adsorbed species coverage. Silver becomes 
competitive to Pt due to favoured kinetics in high concentration alkaline media [47, 
110], but shows a strong propensity to dissolution at open circuit voltages following 
Eq. (2.7) [28]: 
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4 Ag + O2 + H2O → 4 Ag+ + 4OH-                                                                          (2.7) 
 
At an overpotential of 100-300 mV, this dissolution was found not to be significant 
[113]. The impregnation of AgNO3 is commonly used, associated with different 
techniques of Ag reduction [47, 119]. Chatenet using impregnation of AgNO3 and 
electrochemical reduction in sulphuric acid to obtain silver particle sizes in the range 
5-10 nm (Fig. 2.9) [110].  
 
 
 
 
Figure 2.9: TEM photograph for reduced carbon-supported silver nanoparticles [110]. 
 
 
2.4.7.2. Non-noble metal catalyst 
       
Whereas carbon supports show poor electrochemical activity in acidic media [120], 
carbon blacks and graphite have been shown to catalyse the ORR in alkaline media 
with the formation of HO2- in a two electron process (Eq 2.4), where high surface area 
carbon blacks such as Vulcan XC-72R (25 nm, 250 m2g-1) showed an increased 
activity [74, 75, 120-122]. 
 
Recently, manganese oxides have attracted more attention as potential catalysts for 
both fuel cells [123, 124] and metal-air batteries [125] because of their attractive cost 
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and good catalytic activity toward O2 reduction. The investigation of different 
manganese oxides dispersed on high surface area carbon black showed low activity 
for MnO/C and high activity for MnO2/C and Mn3O4/C. The higher activity of MnO2 
was explained by the occurrence of a mediation process involving the reduction of 
Mn(IV) to Mn(III), followed by the electron transfer from Mn(III) to oxygen. The 
reaction was sensitive to the manganese oxide /carbon ratio in which, at lower ratios, 
the reaction proceeds by the 2-electron pathway, evolving to an indirect 4-electron 
pathway with disproportionation of HO2- into O2 and OH- at higher catalyst/carbon 
ratios [125-128]. The catalytic activity for the disproportionation reaction has led to a 
new approach of dual system catalysis in which one catalyst is used for the reduction 
of O2 through the two-electron process producing HO2-, which is subsequently 
decomposed by MnO2, leading to a four-electron process [129-131]. The MnO2 
catalytic activity was found to vary following its crystalline structure in the sequence: 
β-MnO2 < λ-MnO2 < γ-MnO2 < α-MnO2 ≈ δ-MnO2, in which higher activity seems to 
go with higher discharge ability, proceeding through chemical oxidation of the surface 
Mn3+ ions generated by the discharge of MnO2 rather than through a direct 2-electron 
reduction [132]. γ-MnOOH exhibits higher activity than γ-MnO2; this has been 
explained by the fact that
 
amorphous manganese oxide has more structural distortion 
and is more likely to have active sites compared to crystalline manganese oxides [125, 
133].     
         
Pyrolysed macrocyles on carbon supports have been studied in alkaline media 
showing high activity towards the ORR. Cobalt phthalocyanine has been shown to 
reduce oxygen with similar kinetics to that of Pt [134]. Electrodes made of cobalt/iron 
tetraphenylporphyrin (CoTPP, FeTPP) demonstrated good performance, 
outperforming electrodes made of silver catalysts. Structural changes and increased 
surface area is required to enhance the catalytic activity, which is obtained by 
chemical and heat treatment of the carbon and the porphyrins [37, 71, 135]. This high 
catalytic activity was attributed to the combined effect of the macrocycle black and 
Co; however, poor stability has been shown where the loss of Co appeared to be 
important, leading to performance deterioration [136]. 
CoCO3+TetraMethoxyPhenylPorphyrin (TMPP) +carbon showed better performance 
than CoTMPP+carbon confirming the fact that the structure of the metal macrocycle 
is not responsible for catalytic activity, but its origin is due to the simultaneous 
 60 
presence of the metal precursor, active carbon and a source of nitrogen, supposed 
already to be part of the catalytic process [137, 138].  
 
Perovskite-type oxides, which have an ABO3-type crystal structure, have shown a 
high cathode activity in alkaline media proceeding by a 2-electron pathway where 
HO2- is further reduced [139]. Good performance has been reported with different 
catalyst composition such as La0.5Sr0.5CoO3, La0.99Sr0.01NiO3 [140], La1-XAxCoO3 (A 
= Ca, Sr) [141], Ca0.9La0.1MnO3 [142] and Pr0.6Ca0.4 MnO3, La0.6Ca0.4CoO3 [143]. The 
catalyst support choice seemed to be crucial to obtain stable performance. Graphite 
supports appeared less stable [144] than high surface area carbon black [139]. 
 
A spinel is a ternary oxide with an AB2O4 structure in which the choice of the B 
cation is critical since it plays an important part in the activity of the catalyst [145, 
146]. Studies of MnCo2O4 catalysts have mainly indicated an ORR mechanism that 
involves a 2-electron process with HO2- formation [147, 148]. The catalytic activity 
depends greatly on the preparation route; the decomposition of Co and Mn nitrates 
and subsequent heat treatment is most commonly used [149-151]. 
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2.4.8. Performance 
 
A summary of the data in the literature describing cathode performance for different 
catalysts is given in Table 1 and 2, which have been separated according to whether 
the measurements were made in oxygen or air. All the potentials are overpotentials 
reported against an Hg / HgO reference electrode, the KOH concentration lying 
between 5 and 8 M. The electrolyte temperature varied between 25 and 70oC and is 
reported for each instance.  
 
Table 2.1: Cathode performance using different catalysts with O2. 
Catalyst 
 
KOH 
Temperature 
(oC) 
KOH 
Concentration 
(M) 
Potential 
(V) 
 
Current 
Density 
(mA cm-2) 
Source 
 
Pt/Pd/C 
4wt.%Pt/6wt.%Pd 
 
25 
 
 
6 
 
 
-0.1 
-0.2 
-0.3 
 
900 
1600 
2100 
 
[152] 
 
Ag 
47 mg cm-2 
 
 
 
 
70 
 
 
7 
 
-0.1 
-0.2 
 
 
250 
540 
 
 
[117] 
La0.5Sr0.5CoO3/C 
7%wt 
25 
 
6 -0.1 
-0.2 
-0.3 
250 
700 
1600 
[140] 
 
CoTPP/C 
1.76 mg cm-2 
 
 
40 
 
 
5 
 
-0.06 
-0.14 
-0.18 
 
150 
600 
950 
 
[37] 
 
La0.6Ca0.4CoO3/C 
9-13 mg cm-2 
 
 
25 
 
 
6 
 
-0.1 
-0.2 
-0.3 
 
150 
500 
1000 
 
[144] 
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Table 2.2: Cathode performance using different catalysts with air. 
Catalyst KOH 
Temperature 
(oC) 
KOH 
Concentration 
(M) 
Potential 
(V) 
 
Current 
density 
(mA cm-2) 
Source 
 
Pt/CNT/C 
100 µg cm-2 
 
 
25 
 
6 
 
-0.2 
-0.5 
 
125 
520 
 
[48] 
 
Pr0.8Ca0.2MnO3/C 
50 wt.% 
 
 
60 
 
8 
 
-0.1 
-0.15 
 
115 
260 
 
[143] 
 
CoTMPP/C 
Not known 
 
25 
 
5 
 
 
-0.1 
-0.2 
-0.25 
 
140 
350 
500 
 
[71] 
 
MnO2/ CNT/C 
3.63 mg cm-2 
 
 
 
25 
 
 
 
8 
 
 
 
-0.2 
-0.5 
 
 
91 
440 
 
 
[153] 
 
LaMnO3/C 
6.9 mg cm-2 
 
 
60 8 -0.08 
-0.1 
 
300 
400 
[154] 
MnCo2O4/C 
14 mg cm-2 
 
 
 
60 6 -0.1 
-0.2 
150 
300 
[151] 
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2.4.9. Electrode Durability 
 
Several degradation rates have been reported; Tomantschger reported performance 
degradation under working conditions of 10-30 mV/1000 h over a period of 3500 h at 
0.1 A cm-2 [140]. Gouerec showed a degradation rate of 5-10 mV/1000 h over a 
period of 2800 h at 0.1 A cm-2 [19]; Gulzow reported, over 3500 h at 0.15 A cm-2, a 
degradation rate of 17 mV/1000 h with silver based electrodes [138]. Several causes 
or effects have been proposed to explain the degradation of AFC cathode performance 
with time; they are described in the following sections. The understanding of these 
effects and their studies is very important in the development of increased AFC 
lifetimes. However, few studies have been reported in the literature to date. 
2.4.9.1. CO2 effect 
 
Carbon dioxide is generally believed to be detrimental to the performance of the 
alkaline electrolyte due to the formation of carbonate species which will eventually 
cause a decrease in ionic conductivity. Thus, air is generally scrubbed to reduce the 
CO2 content to between 5 and 30 ppm, depending on the technology used, before it 
enters the fuel cell [19]. However, residual CO2 reacts to form carbonate ions 
following Eq. (2.1), which increases the ionic resistance of the KOH because the 
conductivity of CO32- is lower than that of OH-. If carbonate formation occurs, it 
forms in the pores of the electrode active layer. Subsequent mass transport will take 
place causing the carbonate species to be transferred to the bulk liquid electrolyte. If 
the wash out process, which depends on the porosity of the AL and the electrolyte 
viscosity, is fast enough, no CO2 effect is observed; otherwise potassium carbonate is 
precipitated in the pores (Eq. 2.2) blocking them, or causing destruction of the 
structure due to the expansion of the precipitate [155]. 
 
Authors are not unanimous on the effect of CO2 on cathode degradation. Whereas 
Rolla [155] attributes CO2 to be the main factor determining cathode ageing, Gulzow 
[156] has demonstrated 3500 hours of operation with a cathode in the presence of CO2 
concentrations 150 times that in air, asserting that CO2 in air had no influence on the 
cathode, but rather degradation in the fuel cell performance was attributed solely to its 
impact on electrolyte conductivity, which could be mitigated by exchanging the 
electrolyte every few hundreds hours (McLean estimates the KOH cost at 0.25 dollar 
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cents/kWh if the electrolyte is changed every 500 h for a stack lifetime of 5000 h). 
Based on published evidence, the CO2 effect seems to be electrode structure 
dependant, wherein the pore structure of the electrode is crucial. Sato observed a 
different CO2 effect on the cathode stability depending on the carbon support used. It 
was found that CO2 had a strong effect on cathode stability when electrodes were 
prepared from activated carbon. No CO2 dissolution or progressive wetting was 
observed with Asahi-90 black which was explained by the small particle size of this 
carbon and its compact electrode structure [157].  
2.4.9.2. Corrosion effect 
 
The degradation reported by Tomantschger [158] of the electrochemical performance 
of the electrode with increasing operating time was assigned to the corrosion of 
carbon, and PTFE degradation caused by the KOH electrolyte. The carbon is slowly 
oxidized due to attack by the HO2- radical formed as an intermediate during oxygen 
reduction. Korovin [159] identified the discreet processes of electrocatalyst 
deterioration as composed of corrosion, chemical dissolution, cathode 
hydrogenization and metal intercalation. An increase in current density, temperature 
and ligand (OH-) concentration was found to accelerate corrosion. A multi-catalyst 
system has been proposed to increase lifetime using the most stable support in 
moderate electrolyte concentration. PTFE was shown to lose some hydrophobicity 
after KOH exposure, which was attributed to surface chemical changes. It was shown 
that the contact angle reached a minimum; the higher the KOH temperature and 
concentration, the shorter the time taken to reach this minimum [160]. 
 
2.4.9.3. Weeping and flooding effects 
 
The reduction of the cathode performance over time is often caused by flooding of the 
electrode structure by the electrolyte, which reduces oxygen accessibility to reacting 
sites by blocking gas pores. Gouerec [36] described this phenomenon as the main 
parameter driving cathode degradation, showing an increasing cell capacitance over 
time due to greater electrode surface being in contact with the electrolyte. Burchart 
[161] considered the role of electrocapillarity in which the contact angle between the 
electrode surface and the electrolyte is potential dependant. The contact angle was 
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found to decrease with a decrease in potential from the OCV (open circuit voltage) 
which increased wetting of the electrode. An increase in pH and temperature, 
especially at 90oC with the condensation of the vapour in gas pores, both lead to 
flooding of the electrode. Wagner [117] tested silver catalysed GDEs for 5000h 
showing a voltage loss of 100 mV, which was partially explained by a decrease of the 
catalyst surface roughness, but mainly by PTFE degradation. The decrease in 
hydrophobicity with time allows more pore flooding, which hinders gas transport. The 
hypothesis that the degradation of cathode performance is mainly caused by excessive 
electrode wettability was confirmed by Maja [12] who showed that the use of 
acetylene black ensures a highly hydrophobic and homogeneous electrode structure 
with long term durability, whereas oil-furnace carbon such as Vulcan XC-72R 
displayed excessive wettability. Hull [162] and Baugh [163] studied the creep of 
alkaline electrolyte through cathodes. The production of OH- ions arising from the 
ORR in the active zone increases its concentration. The movement of water from the 
bulk electrolyte, or from condensation via the vapour phase to compensate this 
gradient, causes an increase in the size of the active zone with the result that the 
reaction zone moves through the electrode. Khalidi [164] characterized the weeping 
process on the cathode and showed that humidification of the oxygen inlet reduces 
this effect.   
 
2.5. Conclusions 
 
AFCs offer a fuel cell solution with the potential for low cost. The alkaline electrolyte 
means that platinum based catalysts are not required, and AFC production methods 
are scaleable. AFC systems, which have been successfully used in space applications, 
need to meet the challenging requirement of low cost, high performance and 
durability to be successful in terrestrial applications. The development of circulating 
electrolyte systems has shown to have advantages compared to the immobilized 
electrolyte systems for terrestrial applications that could open the way to the 
commercialization of this technology. Electrolyte leakage and parasitic power losses 
are still challenges with the circulating electrolyte system and require the development 
of improved stack designs.  
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After a long hiatus in research and development, the alkaline fuel cell is creating 
renewed interest among research groups and some fuel cell companies, but research 
and development remains limited. There is no doubt that the success of this 
technology will come mainly by the improvement of electrodes, especially the 
cathode which is responsible for most of the cell losses. 
 
Macro and micro structures in the different layers have to be obtained during the 
electrode fabrication to ally performance and durability where the carbon support is of 
prime importance in obtaining optimized performance. The development of new 
catalyst systems is more likely in alkaline media because of the wide range of options 
for the materials support and catalyst, as compared to acidic media which offers more 
limited materials choice. Alternatives to platinum have been investigated, showing 
good performance, comparable sometimes to platinum itself, but more work is needed 
to meet the durability targets required for commercial application. 
 
The aim of this thesis is the development of a gas diffusion cathode using innovative 
substrate materials (nickel foam and porous silver membranes) which ally mechanical 
support, current collection and catalyst support so as to reduce the cost of the 
electrode keeping acceptable performance.  
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Chapter 3: Experimental setup and characterisation 
techniques 
 
 
 
3.1. Abstract 
 
In this chapter a description of the experimental test setup and characterisation 
techniques is given. Test cells used to study cathodes made of nickel foam and porous 
silver membrane are described. The test rig to study nickel foam cathodes in 
circulating electrolyte mode, is also detailed. Electrochemical impedance 
spectroscopy (EIS) is outlined giving the basic principles of the technique and 
showing the advantages of the method in the development of fuel cell electrodes. 
Basic principles of SEM, BET and XRD are given and the equipment used during this 
work is introduced.  
 
3.2. General electrochemistry 
 
The electrolyte used in most experiments was a concentrated potassium hydroxide 
solution (30 wt. % or ~6.9 M) prepared from deionised 18 MΩ cm deionised water 
(Millipore) and KOH pellets (VWR).  
 
Electrochemical and impedance measurements were performed using a PGSTAT30 
potentiostat fitted with a frequency response analyser (FRA, Autolab, Windsor 
Scientific Ltd., UK). Impedance measurements were performed in potentiostatic mode 
using a sinusoidal signal of amplitude 0.02 Vrms over the frequency range of 10 kHz to 
0.01 Hz. Impedance measurements were fitted to equivalent circuit models using the 
Autolab FRA for windows (version 4.9.004).  
 
All the results presented in this thesis are three electrode measurements using a 
hydrogen reference electrode (Eo = 0.0V) from Gaskatel (Hydroflex HREF B01) 
which is suitable for high pH values.  
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3.3. Test rig set up for nickel substrate cathodes 
 
Half-cell measurements were performed at room temperature using a 2-part housing 
made from machined epoxy resin using a design originating from Cenergie 
Corporation. This design emulated the basic functions of a full sized fuel cell in so far 
that it facilitated circulating electrolyte and flowing air at pressures close to 
atmospheric. A schematic of the cell housing showing the principal parts is shown in 
Fig. 3.1 (a). A platinum wire, rolled into a spiral, was used as a counter electrode. 
Four tie rods and nuts are used to close the cell. A rubber gasket was employed 
between the cell and the electrode to avoid electrolyte leakage. The seal was obtained 
by compression of the tie rods on the rubber gasket.  
 
KOH INLET
KOH OUTLET
HYDROGEN
REFERENCE 
ELECTRODE
TESTING CELL
KOH 
SALT
BRIDGE
WORKING
ELECTRODE
TIE-RODS
 
(a)                                                                (b) 
 
Figure 3.1: Schematic illustration of the test assembly for half-cell measurements: (a) 
cross section and (b) front view. 
 
 
 
 
The electrode was positioned, as shown on Fig. 3.1 (b), between the electrolyte and 
gas chamber with the active layer of the electrode facing the electrolyte and the gas 
diffusion layer facing the gas side. The geometric surface area of the electrode was ~4 
cm2. The current was collected directly via the tag on the working electrode, limiting 
resistive losses. The hydrogen reference electrode was connected to the cell using an 
alumina (Al2O3) salt bridge. A small aperture, filled with aluminium oxide fibres, was 
located within one millimetre of the working electrode inside the KOH chamber and 
connected to the salt bridge. The reference electrode, placed in a special sealed glass 
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container, was dipped in an electrolyte of the same concentration as that used in the 
cell.  
       
A special test rig was constructed (Figure 3.2 and 3.3) consisting of a pump and a tank 
to allow the electrolyte to be circulated through the system. These were mounted on a 
plastic support with a tray to collect any electrolyte spillage during the change of 
electrode between two experiments. The tank was made of polypropylene and sealed 
in order to avoid the reaction of CO2 from air with the electrolyte. PTFE pipes were 
used to join the cell, pump and tank. A KOH circulation valve was placed at the inlet 
of the testing cell in order to control (or stop) the electrolyte flow. The electrolyte was 
circulated from the bottom to the top of the cell to make sure the electrolyte chamber 
was completely filled, avoiding trapped air. The gas was also circulated from top to 
bottom to ensure that any electrolyte passing through the electrode could be drained 
out of the cell.  
 
 
 
 
 
 
 
Figure 3.2: Picture of the circulating electrolyte test rig. 
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Figure 3.3: Flow diagram of the circulating electrolyte test rig. 
 
 
 
 
The cell was mounted in a rig to allow the electrolyte to be circulated through the 
system at a flow rate of 100 ml min-1. No effect on performance was found by 
increasing KOH flow rate as shown in Fig 3.4. As can be seen, best performance was 
found without circulation of the electrolyte. Air flow was controlled by a mass flow 
controller (Bronkhorst Hi-Tec) set to 500 ml min-1 for all experiments, which was 
sufficient to avoid any pronounced mass transport effect (Fig 3.5). The electrolyte was 
circulated from the bottom to the top of the cell to make sure the electrolyte chamber 
was completely filled, avoiding trapped air. The gas was also circulated from top to 
bottom to ensure that any electrolyte passing through the electrode could be drained 
out of the cell. 
 
 
 
    
    
 
KOH 
Pump 
 
KOH 
Tank 
 
Air/O2 
Source 
Mass 
Flow 
Controller 
Exit to Air 
Testing 
cell 
Ele
ctrolyte
 sid
e
 
G
a
s
 sid
e
 
 79 
0 100 200 300 400 500 600 700 800
0.5
0.6
0.7
0.8
0.9
1.0
 
 
Ce
ll 
Po
te
n
tia
l /
 
V
Current Density / mA cm-2
 No flow
 100 ml min-1
 200 ml min-1
 300 ml min-1
 
 
 
Figure 3.4: Effect of KOH flow rate on Cath4 performance. 
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Figure 3.5: Effect of air flow rate on Cath4 performance. 
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3.4. Testing cell for porous silver membrane cathodes 
 
Electrochemical experiments on porous silver membranes cathodes were carried out 
in a standard three-compartment cell with a Luggin capillary arrangement as shown in 
Fig. 3.6. The counter electrode was made of nickel foam which was 10 times the 
geometrical surface area of the working electrode to avoid excessive polarization. 
Silver membrane cathodes (1 cm2) were floated on the surface of a fresh KOH 
solution with the top side exposed to an oxygen or air atmosphere through forced 
convection. Measurements were collected directly via the vertical tip of the working 
electrode by the means of a crocodile clip which was inserted in a pipette. When used, 
O2 was provided via the pipette. 
 
The fuel cell testing was carried out in a home-made cell consisting of hydrogen and 
electrolyte chambers, as shown in Fig. 3.7. The seal between the two chambers was 
achieved using a rubber gasket. A commercial hydrogen electrode from Alfa Aesar 
was used as the anode. Potential measurements were made directly on the silver 
membrane cathode and on the tag of a nickel mesh placed in contact of the back of the 
anode. A plastic mesh (1 mm) was put between the cathode and the anode filled with 
KOH solution. The cell was open to atmosphere on the cathode side being in a self-
breathing mode. 
 
 
 
Figure 3.6: Three-compartment electrochemical cell. 
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Figure 3.7: Fuel cell testing set up. 
 
 
 
 
3.5. Electrochemical impedance spectroscopy (EIS) technique 
 
EIS was employed as the main investigation technique, alongside DC polarization 
measurements, to assess cathode performance. Impedance measurements allow the 
characterisation of the bulk electrode (e.g. conductivity), the electrode/electrolyte 
interface (e.g. charge transfer resistance and capacitance of the double layer), and 
mass transport behaviour, making this a powerful tool for electrode development. This 
technique can contribute to the interpretation of fundamental electrochemical and 
electronic processes leading to insights about the factors limiting electrode 
performance. 
 
The fundamental approach of all impedance methods is to apply a small amplitude 
sinusoidal stimulus (voltage or current) to the system under investigation and measure 
the associated response. The amplitude of the stimulus must be kept small enough that 
the response of the system operates in a pseudo-linear regime [1]. There are different 
ways of applying the stimulus but the most common is to work in the frequency 
domain, using a single frequency signal. The advantage of this method is the 
availability of commercial instruments. It also gives a good signal-to-noise ratio in the 
frequency range of interest. However, the technique is limited by measurement speed. 
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It is not suitable for a fast changing system since the measurement takes time to sweep 
across a range of frequencies. 
 
In the single frequency method, a sinusoidal signal is applied where the response is a 
complex quantity which is similar in frequency but shifted in phase and different in 
amplitude. The impedance of the system can be calculated using Ohm’s law as,  
 
Z(ω)=∆E(ω)/ ∆I(ω)                                               3.1 
 
By varying the frequency of the applied signal, the impedance of the system can be 
determined as a function of frequency. The results are plotted on a Nyquist plot where 
real and imaginary parts are given as function of frequency as shown in Fig. 3.8.  
 
 
 
Figure 3.8: Schematic illustration of the Nyquist plot. 
 
While plotting data in the Nyquist format the real axis must be equal in length and 
unit to the imaginary axis, so as not to distort the shape of the curve which is 
important for qualitative interpretation of the data. An alternative way of presenting 
the data is to plot, on a same graph, the absolute value of impedance and the phase 
shifts (α) as a function of frequency; this representation is called a Bode plot. 
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In order to explain, understand and extract physically meaningful properties of the 
system, experimental data are modelled or fitted to an equivalent circuit composed of 
ideal resistors (R), capacitors (C) and inductors (L). A resistor can represent the bulk 
resistance of a material such as the resistance of the electrolyte to ion transport, the 
resistance of a conductor to electron transport, or the resistance to the charge-transfer 
step at the surface of the electrode. Capacitors and inductors are associated with 
space-charge polarization regions such as electrochemical double-layer and 
adsorption processes at the electrode surface. The impedance of a circuit with multiple 
elements can be calculated using the same rules as with multiple resistors. The total 
impedance of two elements in series is the sum of the impedances of the individual 
elements. In the same way, the impedance of two elements in parallel is given by the 
sum of the inverse impedances of the individual elements.  
 
The use of ideal elements to describe the characteristics of a real electrochemical 
system is limited by the fact that the properties of materials can be distributed and that 
the electrode–electrolyte interface is often non-homogeneous. Under this condition, a 
constant phase element (CPE) is introduced to mimic the distributed nature of the 
element. The impedance of a constant phase element is given by Eq. 3.2:  
 
nCPE jYoZ )(
1
ω
=                                                 3. 2 
 
Where Y0 is the admittance relating to the double-layer capacitance and n is a 
constant between -1 and 1 giving information about the nature of the CPE. When n=1, 
Y0 corresponds to the ideal capacitance C and the CPE behaves as an ideal capacitor. 
 
A resistance in series with a resistance, itself in parallel with a capacitance (or CPE), 
is one of the simplest and most common models. It is called the Randles circuit and 
includes a solution resistance, a double-layer capacitor and a polarization resistance 
(Fig. 3.9) [1]. It is often the starting point for more complex models.  
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Figure 3.9: Equivalent circuit: the Randles circuit. 
 
 
 
 
 
3.6. Other characterization techniques 
 
In this work, surfaces of the different substrates were observed with a scanning 
electron microscope (JEOL JSM-5610LV). The scanning electron microscope (SEM) 
uses a beam of electrons to scan the surface of a sample to build a three-dimensional 
image of the specimen. The interaction of the electrons with the atoms that make up 
the sample also produces a variety of signals including secondary electrons (electrons 
from the sample itself), backscattered electrons (beam electrons that bounce off nuclei 
of atoms in the sample), X-rays, light, heat, and even transmitted electrons (beam 
electrons that pass through the sample) that contain information about chemical 
compositions, crystalline structure and crystal orientation. A SEM (Fig. 3.10) consists 
of an electron gun which generates the beam of electrons which typically has an 
energy ranging from a few hundred eV to 40 keV. The beam is focused by one or two 
condenser lenses to a spot about 0.4 nm to 5 nm in diameter. It then passes through 
pairs of scanning coils, which deflect the beam in the x and y axes so that it can scan 
line by line a rectangular area of the sample surface.  Several detectors are mounted in 
the chamber to view the different electron signals from the sample.  
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Figure 3.10: Schematic drawing of the SEM. 
 
 
The most widely used technique for estimating surface area is the so-called BET 
method (Brunauer, Emmett and Teller). BET measurements were performed using a 
TriStar 3000 gas adsorption analyzer. The BET technique gives information about 
surface area and porosity of a material using physical adsorption and capillary 
condensation principles. A sample is cooled to cryogenic temperature, and then is 
exposed to analysis gas at a series of precisely controlled pressures. With each 
incremental pressure increase, the number of gas molecules adsorbed on the surface 
increases. Any micropores in the surface are filled first, then the free surface becomes 
completely covered, and finally the larger pores are filled by capillary condensation. 
Commonly, a desorption process begins in which pressure systematically is reduced 
resulting in liberation of the adsorbed molecules. As with the adsorption process, the 
changing quantity of gas on the solid surface at each decreasing equilibrium pressure 
is quantified. These two sets of data describe the adsorption and desorption isotherms. 
Analysis of the shape of the isotherms yields information about the surface and 
internal pore characteristics of the material.  
 
X-ray diffraction (XRD) results were obtained using an automated powder 
diffractometer, Philips PW1700 series, using Cu K α radiation at 40 kV / 40 mA 
with a secondary graphite crystal monochrometer. The basic principle of XRD is 
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simple: a beam of X-rays hits a sample and diffracts into many specific directions. 
From the angles and intensities of these diffracted beams different information can be 
determined such as the arrangement of atoms within a crystal as well as their chemical 
bonds. 
 
In this chapter, experimental setups have been described and characterisation 
techniques briefly introduced. More information on electrode fabrication is given in 
the experimental sections of each chapter.  
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 Chapter 4: Development of a cathode using nickel Foam as 
a substrate material  
 
 
 
 
4.1. Abstract 
                         
The use of nickel foam as an electrode substrate in alkaline fuel cells (AFCs) has been 
investigated for bipolar cells incorporating an electrically conducting gas diffusion 
layer. This contribution focuses on the cathode, and draws comparisons between 
nickel foam and nickel mesh substrates.  One of the principal electrocatalysts for the 
cathodic reduction of oxygen is silver, so an improvement in electrochemical 
performance was obtained by electroplating the nickel foam with silver. The 
electrodeposition process was optimised to maximise electrochemical performance 
with a minimum of silver deposited. Nickel foam, which is less expensive than the 
usual nickel mesh, appears to be a good substrate for AFC electrode fabrication, 
especially when incorporating a conducting gas diffusion layer. Silver deposited by 
electroplating onto the nickel foam was found to result in significantly enhanced 
electrochemical performance, with a reduction in both the Ohmic resistance of the 
electrode, as well as the oxygen reduction reaction charge transfer resistance.     
4.2. Introduction  
 
Recently, there has been a resurgence of interest in alkaline fuel cells (AFCs) [1-7], 
partly because they have the potential for lower cost in mass production [8, 9] than 
other types of low temperature fuel cells.  AFC systems, which have been successfully 
used in space applications for decades [10], need to meet the challenging requirements 
of low cost, high performance and durability to be successful in terrestrial 
applications; improvement in electrode performance is a necessary step towards this 
goal. AFC cathodes consist of several PTFE-bonded carbon layers applied onto a 
metal mesh which is used as the current collector [11]. The catalyst is supported on a 
carbon substrate; usually a high surface area carbon black [12]. The oxygen reduction 
reaction in alkaline media is more facile than in acid media, making the use of less 
expensive catalyst materials in place of platinum possible; this opens an opportunity 
for new electrode designs [13].  AFC stacks have generally favoure
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construction, which uses a non-conducting PTFE based gas diffusion layer bonded 
onto the backside of a nickel mesh. Very few systems have been built with bipolar 
construction as is the norm for polymer electrolyte fuel cells (PEFCs). In the present 
study, we have developed a conducting gas diffusion layer (GDL) which is suitable 
for bipolar operation. The GDL is based on a PTFE bonded carbon black layer which 
is applied to the nickel substrate. The relative merits of metal mesh versus metal foam 
are made in the course of this study. 
 
Nickel, in the form of mesh, is predominantly used as an electrode substrate in AFCs 
because it is highly conductive and corrosion resistant to KOH. However, nickel mesh 
is a relatively expensive component. One of the aims of this work was to investigate 
lower cost nickel substrates such as nickel foams.  
 
Nickel foam has a lower weight-to-surface ratio and is consequently less expensive 
than nickel mesh (Table 4.1). The weight and cost of the electrodes in an AFC stack 
are two crucial parameters which have to be reduced. Based on these two parameters, 
it is clear that nickel foam has an advantage over the commonly used nickel mesh.  
   
Parameters Nickel mesh Nickel foam 
Weight-surface ratio (g cm-2) 0.0415 0.0366 
*Price  ($ m-2) 60 20 
* Quotations were obtained in 2008 for 4000 m2 of material from suppliers  
 
Table 4.1: Weight and price comparison of nickel mesh and nickel foam. 
 
Metal foams, which can be manufactured from numerous metals and metal alloys by a 
wide variety of vapour, liquid and solid-state processes, have been extensively 
characterized in recent years [14-18]. Nickel foam can be mass produced in a 
continuous process in which a coating of nickel is applied by electroplating or 
chemical vapour deposition onto a reticulated polymer substrate, usually made from 
polyurethane foam. The plastic former  is then burnt out using a high temperature 
sintering step, resulting in an open-cell skeletal structure of hollow metal limbs [19, 
20]. This open-cell nickel foam is very attractive due to its high porosity, high 
mechanical strength, high specific surface area, low density, corrosion resistance and 
good electrical conductivity.  
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During the past decade, nickel foams have been used in battery applications as a 
substrate for pasted nickel electrodes [21-26]. More recently, the deposition of 
coatings onto nickel foams has been shown to increase their oxidation resistance [27, 
28] or their catalytic activity in diverse chemical processes [29-31]. Deposition 
techniques including: electrodeposition [30, 32, 33], electroless deposition [34, 35], 
and impregnation methods followed by thermal treatment [29, 36] have all been 
demonstrated with nickel foam. 
 
Yang et al. have studied silver and palladium-silver coated nickel foam cathodes 
prepared by electrodeposition, and these appear to be suitable for practical metal-
hydrogen peroxide fuel cells [37, 38].   Hydrogen evolution cathodes have been 
investigated as a means of hydrogen production from water electrolysis [32, 33] or 
from chemical hydrides such as sodium borohydride [34].   
 
The use of nickel foam (compared to nickel mesh) in supercapacitor electrodes has 
shown that the open structure of the three-dimensional current collector considerably 
reduces the internal resistance of the electrode by improving the electronic contact 
between the activated carbon and the collector [39]. Nickel foam has properties which 
are also well suited for fuel cell electrode development; these properties are 
particularly useful in AFCs in which the foam can provide both catalyst support, 
mechanical support and a means of current collection. However, to our knowledge, 
the use of nickel foam as catalyst support and electrode substrate for AFCs has not 
been investigated.   
        
4.3. Experimental 
 
4.3.1. Electrode Preparation  
 
The electrode substrates used in this work were nickel foam (purity: 99.9%, pore per 
inch: 110, density: 380 g m-2, average pore size: 590 µm, thickness: 1.7 mm) from 
INCO (Dalian) Co. Ltd, an SEM picture of which is shown in Fig. 4.1. The nickel 
mesh was from Fuelcellmaterials.com (40 x 40 mesh x 0.13 mm wire diameter).  
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Figure 4.1: Scanning electron microscope image showing the open structure of the 
nickel foam. 
 
 
Silver is one of the most active catalysts for the oxygen reduction reaction  (ORR) in 
alkaline media [40] and has the highest electrical conductivity of any element. Silver 
plating was accomplished on samples of size 50×90 mm using a series of plating 
baths. Plating chemicals were provided by Balco Ltd (UK). Between each bath the 
substrate was washed with de-ionized water and then dried. To ensure an even 
deposition, the substrate was electrochemically cleaned in an alkaline solution. Then, 
a very thin strike layer (low concentration of silver potassium cyanide) of pure silver 
was deposited onto the clean substrate to ensure good adherence of the thicker layer 
of silver which was subsequently deposited in a heavy silver bath (high concentration 
of silver potassium cyanide). Two anodes at equal distance (3 cm) from the substrate 
were used to obtain an even deposition. In the strike bath, stainless steel anodes were 
used whereas pure silver anodes provided the silver in the heavy bath. The silver 
electroplating conditions (voltage and immersion time) applied in this work were 
advised by the chemical provider and are summarized in Table 4.2.   
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BATH Voltage (V) Time (s) 
Electro-cleaning 5 30 
Strike 3 10 
Heavy 2 60 
 
Table 4.2: Silver electroplating conditions.  
 
The final silver thickness can be readily determined from the current and time used in 
the heavy bath and can be easily controlled owing to the high Faradaic efficiency 
associated with silver cyanide solutions. The amount of silver deposited onto the 
nickel foam as a function of electrolysis time in the heavy bath using the conditions 
quoted above is shown in Fig. 4.2. The actual amount of silver deposited was obtained 
by weighing the sample before and after electroplating. A linear relation was obtained 
which could be fitted to the data shown in Fig.4.2.  
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Figure 4.2: Amount of deposited silver as a function of electroplating time in the 
heavy bath (plating conditions 2 V, 5.8 A). 
 
A gas diffusion layer (GDL) was prepared with carbon black (Printex XE2 BET 
surface 950 m2 g-1, average primary particle size 35 nm) from Degussa which was 
selected for its high surface area. PTFE suspension (TE3893-N solution 59.94% solid) 
from Alfa chemicals and propan-2-ol from VWR, which facilitate the GDL rolling 
onto the substrate,  were mixed and stirred with the carbon black until a homogeneous 
paste was obtained. The PTFE solution:carbon black ratio was 2.5:1. 
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To prepare each electrode, both the silver plated foam and the nickel foam (80×50 
mm) were pressed to obtain a thickness of ~0.3 mm. The GDL mixture was rolled to 
0.5 mm thickness with a calendering machine on grease-proof paper. The foam was 
put on top of the GDL and rolled to a thickness of 0.5 mm. The GDL was then cut to 
size. Finally, the electrode was pressed at 20 bars for 2 minutes to remove excess 
liquid. The electrode was then sintered in air at 255°C for 30 min 
               
4.3.2. Electrode characterization  
 
The catalytic activity of the various nickel substrates was measured by immersion in 
fresh KOH solution which was saturated with air or argon by bubbling for 30 min. 
During measurements, gas was turned off. The geometric surface area for each 
electrode (≈ 1 cm2) was measured, and results were normalised to this. A three 
electrode set up with a Luggin capillary was used; the counter electrode was a piece of 
nickel foam which was 10 times the geometrical surface area of the working 
electrode, to avoid excessive polarization as described in Chapter 3.  
 
4.4. Results and discussion 
 
4.4.1. Nickel mesh vs. nickel foam 
 
Polarization curves, for both nickel mesh and nickel foam in aerated KOH solution, 
were obtained and can be seen in Fig. 4.3. The Ni foam is observed to clearly 
outperform the Ni mesh.  
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Polarization curves of nickel foam and nickel mesh in aerated 32 wt% 
KOH solution. 
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Impedance measurements (Fig. 4.4) show one capacitive arc for both substrates, with 
the arc of the Ni foam being much smaller than that of the Ni mesh.  These results 
were fitted using the simple equivalent circuit shown in Fig. 4.5, where Rs, Rp and 
CPE are the Ohmic resistance, the charge transfer resistance and the constant phase 
element representing the double layer capacitance.   
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Figure 4.4: Impedance diagram of nickel foam and nickel mesh in aerated 32 wt% 
KOH solution at 0.6 V (cell voltage) frequency range 10 kHz to 0.01 Hz.  
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Figure 4.5: Equivalent circuit of the nickel mesh and foam electrode for the 
impedance spectra. 
 
 
Results from the fitting of the curves in Fig. 4.4 are given in Table 4.3; it can be seen 
that the nickel foam Ohmic resistance Rs, is higher than the nickel mesh value, which 
was expected since nickel mesh contains more nickel mass than nickel foam. The 
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lower value of Rp and larger value of the CPE for the Ni foam would suggest that 
there is a greater surface area in contact with the electrolyte than there is for the Ni 
mesh which seems to be predominant over Rs for good performance. 
 
 
Substrate Rs  
(Ω cm2) 
Rp  
(Ω cm2) 
CPE 
(Farad) 
Nickel foam 
 
1.32 4.45 × 10+3 1.56 × 10-4 
Nickel mesh 
 
0.609 2.82 × 10+4 4.63 × 10-5 
 
Table 4.3: Values of equivalent circuit parameters for nickel foam and nickel mesh. 
 
4.4.2. Characterization of nickel foam 
 
Table 4.4 summarizes results of different measurements made on nickel foam. The 
density was determined by weighing a known geometric volume of foam. The same 
technique was used to find the mean porosity, knowing the density of nickel. The 
electrical resistivity was deduced from the slope of current-voltage plots obtained with 
a four-point measurement method at 20°C. Results are in good agreement with reports 
from other workers on similar nickel foams [16].  
 
 
Parameter Nickel Foam 
Density (kg m-3) 220 
Mean Porosity  0.975 
Electrical Resistivity (Ω m) 1.09 × 10-5 
 
Table 4.4: Key characteristics of the nickel foam at 20°C. 
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4.4.3. Characterization of silver plated nickel foam  
 
SEM images of the nickel foam surface before and after silver deposition are shown 
in Fig. 4.6. As can be seen, the nickel foam surface shows a granular texture (Fig. 
4.6a). The silver coating is a uniform film of fine grains in the µm range (Fig. 4.6b).   
 
 
 
 
 
 
 
 
 
(a)                                                                   (b) 
 
Figure 4.6: SEM pictures of (a) the Ni foam surface and (b) the Ni foam surface after 
silver plating (Silver loading: 11 mg cm-2). 
                      
Fig. 4.7 presents the X-ray diffractograms in the 2θ range 30-80° comparing the bare 
nickel substrate to the silver plated case. As can be seen, diffraction peaks 
corresponding to silver replace those of nickel. However, some nickel is still observed 
in the composition of the silver plated foam. This nickel peak was probably picked up 
from under the thin silver coating (estimated at 3 µm for a silver loading of 11 mg cm-
2) which appeared uniform from the SEM pictures.  
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Figure 4.7: XRD of nickel foam (bottom) and silver plated nickel foam (top). 
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Underpotential deposition (UPD) is a technique which appears to give well-defined 
surface structures at sub- and full-monolayer coverage [41]. Lead, which deposits on 
silver but not on nickel (Fig. 4.8), was used to determinate the surface area of the 
silver plated nickel foam. The UPD of lead on silver has been well studied and 
described by Kirowa-Eisner et al. [1, 42-44]. A similar method was used in this work 
where the cyclic voltammogram (CV) resulting from the UPD on silver plated nickel 
foam is shown in Fig. 4.9. The area under the anodic peak was used to determine the 
surface area of the silver, which was found to be 0.0324 m2 g-1. This is in good 
agreement with results obtained from the BET technique which was 0.0292 m2 g-1. 
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Figure 4.8: Cyclic voltammogram for UPD formation of Pb on nickel foam, υ = 1 
mV s-1; 12 mM Pb (NO3)2 and 100 mM HCl solution. 
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Figure 4.9: Cyclic voltammogram for UPD formation of Pb/Ag on silver plated 
nickel foam (silver loading: 11 mg cm-2), υ = 1 mV s-1; 12 mM Pb(NO3)2 and 100 mM 
HCl solution. 
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The electrical resistivity of silver plated nickel foam with different silver loadings was 
calculated from the slope of current-voltage lines obtained with a four-point 
measurement method at 20°C, as shown in Fig. 4.10. Uncoated nickel foam is 
included as a reference. The slope of the line, and thus the electrical resistivity of the 
substrate, decreased with increasing silver loading. Up to silver loadings of 15 mg cm-
2
, the conductivity improvement is significant and the electrical resistivity was 4.13 × 
10-6 Ω m, 2.5 times less than the uncoated nickel foam.  
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Figure 4.10: Current-voltage lines showing the electrical resistivity of the uncoated 
nickel foam, and the silver plated nickel foam with different silver loadings. 
 
In order to examine the electrochemical performance of nickel foam and silver plated 
nickel foam toward the oxygen reduction reaction (ORR), polarization curves were 
obtained using an aerated KOH solution. As can be seen in Fig. 4.11, at high 
overpotential, the silver coating greatly improves the performance of the substrate for 
ORR. The relatively low active surface area of the foam limits the current generated 
by the ORR to a few mA cm-2. It is clear that the silver coating further improves the 
foam’s performance compared to the uncoated Ni case. The optimum silver loading 
for the electrochemical performance was found to be 11 mg cm-2 since increasing the 
loading of silver beyond this did not result in any significant improvement in 
performance. The experiment has been reproduced several times showing the same 
trend as in Fig. 4.11; the bare nickel foam without activity and two distinct groups 
(6.5/8.5 mg cm-2 and 11/15/21 mg cm-2) with almost the same performance.  The 
adding cost of the silver, considering the cost of the silver in January 2010, would be 
40 $ m-2 which corresponds of the difference in price between nickel mesh and nickel 
foam.  
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Figure 4.11: Effect of silver loading on the electrochemical performance of nickel 
foam in aerated 32 wt. % KOH solution.  
 
 
The electrochemical performance of the silver plated nickel foam with loading of 11 
mg cm-2 is better than for the 6.5/8.5 mg cm-2.  This is thought to be due to non-
uniform plating at the lower silver loading which is evident from the SEM image that 
shows a defective surface covering (Fig. 4.12). This lack of silver is believed to 
increase the resistivity of the substrate decreasing performance.    
 
 
 
 
 
 
                                      
 
 
 
 
 
 
 
 
Figure 4.12: SEM pictures of the Ni foam surface after silver plating (Silver loading: 
6.5 mg cm-2). 
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Impedance measurements were made in aerated KOH solution on uncoated nickel 
foam and silver plated nickel foam with loading of 11 mg cm-2 (Fig. 4.13). Results 
obtained were fitted to the equivalent circuit shown in Fig. 4.5. We can see from the 
results summarized in Table 4.5 that the capacitance of nickel foam is much smaller 
than that of silver plated foam. This is attributed to a surface roughness effect which is 
apparent from the SEM pictures shown in Fig. 4.6, where the silver surface appeared 
much rougher than the bare nickel foam surface. The silver coating, when uniformly 
deposited (as is the case with the silver plated nickel foam at a loading of 11 mg cm-
2), also appeared to reduce greatly both the Ohmic and charge transfer resistance.      
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Figure 4.13: Comparison between the EIS response for nickel foam and silver plated 
nickel foam (11 mg cm-2) at 0.6 V (cell voltage) in 32 wt. % KOH solution from 10 
kHz to 0.01 Hz. 
 
 
 
 
 
 
 
 
Table 4.5: Values of equivalent circuit parameters for nickel foam and silver plated 
nickel foam (11 mg cm-2). 
 
 
Substrate Rs  
(Ω cm2) 
Rp  
(Ω cm2) 
CPE  
(Farad) 
Nickel foam 
 
1.32 4.45 × 10+3 1.56 × 10-4 
Ni Foam silver 
loading:  
11 mg cm-2  
0.124 9.45 × 10+2 1.62 × 10-3 
 100 
4.4.4. Characterization of fuel cell gas diffusion cathodes 
 
Nickel foam and silver plated nickel foam were used to prepare fuel cell cathodes 
containing the gas diffusion layer following the procedure described in the 
experimental section. Measurements were taken after 30 min of conditioning at 0.7 V 
(cell voltage) under air flow. The half cell polarization curves obtained for the 
cathodes in Fig. 4.14 clearly show an improved performance for the Ag coated Ni 
foam over that of the cathode prepared using the uncoated Ni foam.  The addition of 
the gas diffusion layer has also significantly increased the current density in both 
cases compared with the bare metal electrodes. This is due to the much improved 
three-phase boundary contact associated with the very high surface area of carbon 
black in the GDL. At overpotentials below ~200 mV there is little difference, and the 
improved catalytic activity for the ORR due to the silver on the nickel foam cannot be 
seen due to the relatively low surface area of the foam (0.03 m2 g-1) compared to the 
carbon black (950 m2 g-1); i.e. the contribution made by the foam to fuel cell cathode 
performance is not significant in this region. At overpotentials > 200 mV, the 
improved performance comes from the reduced Ohmic drop due to the silver coating 
which improved the conductivity of the substrate. 
   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: Polarization curves of cathodes made of nickel foam and silver plated 
nickel foam (loading: 11 mg cm-2) under air at 25°C in 32 wt. % KOH solution. 
 
0 200 400 600 800 1000
0.0
0.2
0.4
0.6
0.8
1.0
 
 
H
al
f-c
el
l p
o
te
n
tia
l /
 
V
Current Density / mA cm-2 
 Ni foam cathode
 Ag plated Ni foam cathode
 101 
Impedance measurements were performed on a cathode made using silver plated 
nickel foam (Fig. 4.15), and a cathode made of nickel foam (Fig. 4.16) in order to 
investigate why the addition of a layer of silver on the nickel foam improved 
performance. Measurements were made at different potentials for both electrodes. As 
can be seen in Fig. 4.15, the cathode made of silver plated nickel foam shows one 
capacitive semi-circle and one inductive loop at low frequencies. Similar results have 
been found by Thiele et al. on a gas diffusion electrode made of perovskite catalyst 
and carbon nanotubes [45]. At high electrode potential (above 0.5 V), the higher the 
polarization the smaller the semi-circle; this is related to the impact of electrode 
polarisation on the charge transfer resistance. At low electrode potential (below 0.4 
V), the semi-circle increases, which is associated with mass transport limitations. This 
is especially expected when using air. Both charge transfer and diffusion processes are 
taking place simultaneously when the electrode is under working conditions, but at 
high electrode potential the capacitance is mainly due to charge transfer resistance. 
The impact of the diffusion processes becomes more important at high polarization, 
especially when using air. The inductive loop at low frequencies has been ascribed in 
the literature to the carbon support upon which intermediate species are adsorbed [46, 
47].  
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Figure 4.15: Impedance measurements over a range of electrode voltages of a 
cathode made of silver plated nickel foam (loading: 11 mg cm-2) under air at 25°C in 
32 wt. % KOH solution from 10 kHz to 0.01 Hz. 
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It can be seen in Fig. 4.16 that the shape of the impedance spectra for the cathode 
made of nickel foam is different from the silver plated impedance spectra. Two arcs 
and one inductive loop at low frequencies are visible at cell polarisations between 0.2 
and 0.6 V. Two capacitive semi-circles and one growth of the lower frequency loop 
are visible at cell polarisations of 0.7 and 0.8 V. It is shown in Table 4.4 that the 
capacitance of the nickel foam in KOH solution is ten times lower than that of the 
silver plated nickel foam. Bultel et al. have shown by simulation how the decrease of 
the double layer capacitance leads to a shift in the frequency domain of the charge 
transfer arc towards higher frequencies. As a consequence, one semi-circle splits into 
two semi-circles, where the high frequency semi-circle is related to charge transfer 
and the low frequency semi-circle is related to diffusion [48]. As can be seen in Fig. 
4.15, the trend is that the higher the polarization, the smaller the high-frequency semi-
circle, this confirms that the high frequency semi-circle corresponds to the charge 
transfer resistance. The second (lower frequency) semi-circle remained almost 
unchanged; the source of this feature is not certain, but given its frequency range and 
the fact that the cell is being supplied with a large excess of reactant (in Fig. 4.14, the 
polarization curve for the cathode made of nickel does not show any mass transport 
limitation) it is proposed that the second semi-circle is due to diffusion processes. 
These features have been observed by other workers on similar electrodes in the same 
electrolyte [49]. As for the silver plated nickel foam cathodes, the inductive loop at 
low frequencies for cell polarisations between 0.2 and 0.6 V can be ascribed to the 
carbon support. The growth of the lower frequency loop for the cell polarisations of 
0.7 and 0.8 V has been ascribed in the literature to reflect the water transport 
characteristics inside the pores of the electrodes [47, 50]. Further work is still required 
in order to fully characterise the EIS response from these cathodes, especially the 
water / electrolyte transport processes under working conditions. 
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Figure 4.16: Impedance measurements over a range of electrode voltages of a 
cathode made of nickel foam under air at 25°C in 32 wt. % KOH solution from 10 
kHz to 0.01 Hz. 
 
The comparison of the impedance measurements made at 0.6 V (cell voltage) on the 
nickel foam cathode and silver plated nickel foam cathode is shown in Fig. 4.17. The 
high frequency semi-circle for the nickel foam cathode and the semi-circle of the 
silver plated nickel foam cathode ascribed to charge transfer. Because both impedance 
spectra are different, it is not possible to fit the entire frequency spectrum with the 
same equivalent circuit; however, the circuit shown in Fig. 4.5 was used to fit the high 
frequency semi-circle to determine Rs. The Ohmic resistance of the silver plated 
nickel foam cathode is smaller (7.9 × 10-2 Ω) than that of nickel foam cathode (9.3 × 
10-2 Ω). The Ag coating is observed to significantly reduce the resistance to charge 
transfer and also the Ohmic resistance.  The reason for this is still the subject of 
investigation, but it is speculated that it may be due to improved contact resistance 
between carbon particles and the coated nickel foam substrate, and/or a more uniform 
current distribution within the higher conductivity silver coated substrate.  
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Figure 4.17: Comparison between the EIS response from the nickel foam and silver 
plated nickel foam based cathodes at 0.6 V (cell voltage) from 10 kHz to 0.01 Hz. 
 
 
4.5. Conclusions 
 
Nickel foam has been investigated as a potential electrode substrate for AFC 
electrodes because of its lower cost compared to the commonly used nickel mesh.  
 
Both nickel foam and silver plated nickel foam have been characterized and results 
have been compared. In direct immersion in KOH solution, silver plated nickel foam 
showed a decrease in Ohmic and charge transfer resistance, and also an increase of the 
double layer capacitance compared to the uncoated nickel foam. The silver coating 
enhanced the catalytic activity of the uncoated nickel foam towards the oxygen 
reduction reaction.  
 
Cathodes made of silver plated nickel foam showed enhanced performance compared 
to cathodes made of uncoated nickel foam due to the reduction of the Ohmic and 
charge transfer resistance. Silver plating leads to an increase in the surface roughness 
of the nickel foam. The form of impedance spectra of both cathodes are different; this 
is believed to be due to the silver layer which increases the double layer capacitance 
showing only one capacitive semi-circle instead of two for the uncoated nickel 
substrate.  
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Chapter 5: Effect of an additional active layer on cathode 
performance using nickel foam as a substrate material  
 
 
 
 
 5.1. Abstract 
             
Improved performance was obtained by adding an extra active layer (AL) composed 
of manganese (IV) oxide (MnO2) deposited onto carbon black. This new cathode 
design performed significantly better (130 mA cm-2 at 0.8 V and 25 oC) than the 
previous design (35 mA cm-2 under the same condition), especially at higher potential. 
It has been shown that the GDL is a key component of the gas diffusion electrode for 
both performance and durability, especially with liquid electrolytes. Electrochemical 
impedance spectroscopy was used to study the various losses in the cathode as a 
function of   electrolyte concentration, oxygen concentration and cell voltage. The 
typical impedance spectra consisted of one high frequency depressed semi-circle 
which is believed to be related to porosity and KOH wettability, and one low 
frequency semi-circle related to electrode kinetics. 
5.2. Introduction  
 
 
This work builds on the previous chapter and shows how introduction of an extra 
active layer into the cathode electrode assembly can significantly improve 
electrochemical performance. The objective was to improve the activation area of the 
I-V curves shown in Chapter 4 by adding a catalysed active layer. MnO2 was selected 
as the catalyst because of its excellent activity towards the disproportionation reaction 
of HO2- into O2 and OH-, and its low cost. 
 
5.3. Experimental 
 
5.3.1. Electrode Preparation  
 
The electrode substrates used in this work were nickel foam (purity: 99.9%, pore per 
inch: 110, density: 380 g m-2, average pore size: 590 µm, thickness: 1.7 mm) from 
INCO (Dalian) Co. Ltd.  
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Silver plating was carried out on 50×90 mm samples using a series of plating baths 
following the procedure already described in the previous chapter. The amount of 
deposited silver was 12 mg cm-2 and plating chemicals were provided by Balco Ltd 
(UK).  
Gas diffusion layers (GDLs) were prepared with carbon black (Printex XE2 BET 
surface 950 m2 g-1, average primary particle size 35 nm) from Degussa, PTFE 
(TE3893-N solution 59.94% solid) from Alfa chemicals and propan-2-ol from VWR, 
by mixing and stirring until a homogeneous paste was obtained. The PTFE 
solution:carbon black ratio was 2.5:1. 
 
An active layer (AL) was prepared with the same carbon black as that used for the 
GDL, using a PTFE dispersion as the bonding agent. Manganese (IV) oxide was 
deposited (loading ~ 15 mg cm-2) by the impregnation method using manganese (II) 
nitrate solution (50% wt. %) in dilute nitric acid, followed by a thermal reduction 
during the sintering of the complete electrode. The mechanism of thermal 
decomposition of manganese nitrate in air has been comprehensively studied by 
Hussein et al [1]. According to this work, the precursor is converted to MnO2 at 
220oC, after which it is quantitatively converted to Mn2O3 at 560oC. Considering the 
temperature of the sintering (255oC), MnO2 is expected to be the major oxide formed.  
 
To prepare each electrode, the silver plated foam (80×50 mm) was pressed to obtain a 
thickness of ~0.3 mm. The GDL mixture was rolled to 0.5 mm thickness with a 
calendering machine on grease-proof paper. The foam was put on top of the GDL and 
rolled to a thickness of 0.5 mm. The GDL was then cut to size. The active layer, 
which was rolled to a thickness of 0.2 mm, was then rolled onto the other side of the 
electrode as shown in Fig.5.1. Finally, the electrode was pressed at 20 bars for 2 
minutes to remove excess liquid. The electrode was then sintered in air at 255°C for 
30 min.  
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Figure 5.1: Scheme of the new cathode design using nickel foam as the substrate.  
                                    
 
5.4. Results and discussion 
 
5.4.1. Cathode performance and optimization 
Table 5.1 summarises the formulation and performance of each of the cathodes 
developed in chapter 5 and 6. 
 
Cathode 
Type 
Substrate GDL AL Typical 
Final 
Thickness 
(mm)  
Current Density 
at 0.8 V  
(mA cm-2) 
Cath0 nickel 
mesh 
Porous PTFE 5 wt. % Pt 
on activated 
carbon 
black 
0.5 35 
Cath1 nickel 
foam 
Mixture of PTFE 
dispersion and 
carbon black ratio 
2.5:1 
None 0.8 5 
Cath2 Silver 
plated  
nickel 
foam 
Mixture of PTFE 
dispersion and 
carbon black ratio 
2.5:1 
None 0.8 40 
Cath3 Silver 
plated  
nickel 
foam 
Mixture of PTFE 
dispersion and 
carbon black ratio 
3:1 
MnO2 on 
carbon 
black
  
 
0.9 85 
Cath4 Silver 
plated  
nickel 
foam 
Mixture of PTFE 
dispersion and 
carbon black ratio 
3:1 
MnO2 on 
carbon 
black
  
 
0.6 132 
 
 
Active Layer 
Nickel Foam 
Gas Diffusion Layer 
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Fig. 5.2 shows the performance of the cathodes referred to as Cath0 and Cath2 at 25, 
70 and 90oC under air in 30 wt. % KOH solution. Cath0 was made using nickel mesh 
as the backing material. The GDL was non-conductive and comprised porous PTFE, 
and the AL was 5 wt. % Pt on activated carbon black. Cath2 was developed with the 
aim of decreasing the cost of Cath0 by using nickel foam instead of nickel mesh, and 
by replacing platinum with a non-noble metal catalyst, i.e. manganese (IV) oxide. Not 
surprisingly the performance of both cathodes was improved by increasing electrolyte 
temperature due to the decrease in activation overpotential and increase in ionic 
conductivity and mobility of the electrolyte at the higher temperature. Cath0 
outperformed Cath2 at high potential (from OCV to 0.8 V) over the range of 
temperatures tested, this is an indicator of the higher electrokinetic activity of Cath0 
due to the presence of platinum (inset Fig. 5.2). At medium and low potential, Cath2 
shows better performance due to the improved conductivity of the backing material 
and the higher porosity of the GDL, which avoided mass transport limitation, even at 
a current density as high as 1 A cm-2. Cath2 performed relatively well with current 
densities of 260, 350, and 425 mA cm-2 (0.6 V) at 25, 70 and 90 oC respectively.   
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Figure 5.2: Polarization curves showing performance of Cath0 and Cath2 with air in 
30 wt. % KOH solution at different temperatures. Inset: potential vs. log current 
density at high potential. 
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These results demonstrate that, even in the case of platinum (the most active catalyst 
known for the oxygen reduction reaction), a good electrode requires a number of 
characteristics to perform well, including  good electrical conductivity to limit ohmic 
losses, and appropriate porosity in the GDL to avoid mass transport effects.  
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Figure 5.3: Polarization curves showing improved performance of Cath2 by 
optimization of the GDL thickness under air in 30 wt. % KOH solution.  
 
Optimization of the electrode design must be performed to get the most from the 
catalyst loading, GDL thickness being a particularly important parameter. As can be 
seen in Fig. 5.3, increasing the thickness of the GDL from 0.5 to 0.7 mm decreased 
the electrode performance by decreasing the oxygen accessibility. It was found that a 
GDL thickness of 0.5 mm gives the best performance without incurring problems 
associated with electrolyte weeping.    
 
The improvement of performance with different cathode generations is shown in Fig. 
5.4. Cath1 and Cath2 were both made of nickel foam with the same GDL following 
the process described in the experimental section without the AL; only an extra layer 
of silver (12 mg cm-2) onto the Cath2 foam differs. More details on Cath1 and Cath2 
fabrication can be found elsewhere in the previous chapter. The increased electrical 
conductivity (by a factor 2), which improved the current collection, between Cath1 
and Cath2 shows the importance of a conducting backing material for good 
performance.  
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Figure 5.4: Polarization curves showing the improved performance of the different 
cathode generation under air at 25°C in 30 wt. % KOH solution.  
 
 
Cath3 and Cath4 were made with the new cathode design which incorporates the extra 
active layer, leading to significantly improved performance. As can be seen, the new 
AL also influenced the shape of the polarisation curves, where Cath3 and Cath4 
demonstrate a higher activity at high and medium potential but introduce a mass 
transfer limitation at low potential (starting at 0.6 V), whereas Cath2 does not exhibit 
this behaviour. From a fuel cell efficiency perspective, it is better to run the cell at 
higher potential so the new design with the extra active layer was deemed better that 
that of the Cath2 design. Cath4 contained the same GDL and AL as Cath3, but the 
thickness of the different layers was been optimized to give maximum power by 
performing a further rolling process on the finished electrode to get the desired 
thickness. As can be seen from the improved performance, the optimization exercise 
of the thickness plays an important role in maximising cathode performance.  
 
Long term testing was then carried out on Cath3 by maintaining steady operation at 
0.7 V (half cell potential) interspersed with polarisation curve runs.  In each case the 
polarization measurements were taken five minutes after unloading the cell from the 
steady state value. The results are presented in Fig.5.5. After 50 hours Cath3 had 
fallen to almost 50% of the initial performance. Upon examination of the electrode 
after this time, drops of liquid electrolyte were seen on the rear of the GDL 
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corresponding to “weeping” through the GDL – a phenomena which has been 
observed many times with other electrode systems [36]. Weeping causes internal 
flooding of the pores in the GDL, severely limiting the diffusion of gas to the active 
layer. This type of degradation can be countered by increasing the hydrophobicity of 
the GDL and controlling the distribution of pore sizes. In this particular case, we 
opted to increase the hydrophobicity by increasing the PTFE dispersion/carbon black 
ratio from 2.5/1 to 3/1 in the GDL.  A significant improvement in performance was 
then obtained. Even after 200 hours of continuous operation the performance was 
similar to the initial behaviour, at least down to 0.6 V. At lower potentials some mass 
transport limitation was evident, and therefore this operating regime should be 
avoided to reduce degradation.  
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Figure 5.5: Polarization curves showing the performance of Cath3 after 1 and 50 hrs 
of operation as well as the operation of improved Cath3 containing a higher 
hydrophobic composition after 200 hours on air at 25°C in 30 wt. % KOH solution. 
 
 
The ability to manufacture electrodes with high reproducibility and quality is 
important from a commercial perspective; Fig. 5.6 shows that the processing route 
developed here is appropriate for reproducible manufacture, showing the results from 
four cathodes produced at different times but fabricated using nominally the same 
procedure, especially given the fact that these fabrication procedures were operated on 
a batch rather than continuous basis. 
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Figure 5.6: Polarization curves showing the performance of four different cathodes 
prepared using the same procedure under air at 20°C in 30 wt. % KOH solution. 
 
 
 
5.4.2. Electrochemical impedance spectroscopy study 
 
 
Electrochemical impedance spectroscopy measurements (EIS) were performed to 
resolve the various factors affecting the electrode performance of Cath4. 
Measurements were made in both air and pure oxygen and with varying electrolyte 
concentrations. The overall impedance results gave a depressed high frequency arc 
and a low frequency capacitive semi-circle.  
 
Fig. 5.7 shows the impedance spectra of the cathode under air and oxygen at the same 
half cell voltage (0.9 V). It can be seen that the high frequency semi-circle is 
unchanged, whereas the low frequency feature is much smaller under pure oxygen. 
Fig. 5.8 shows the Bode plot spectra of the same cathode at different cell voltages. It 
can be seen that the high frequency semi-circle is again unchanged, whereas the size 
of the low frequency semi-circle decreases with increasing polarization. Both results 
demonstrate that the low frequency semi-circle is related to the oxygen reduction 
kinetics (including charge transfer and mass transport) whereas the high frequency 
feature seems to be related to the electrode structure (porosity). 
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Figure 5.7: Impedance measurements of Cath4 under air and oxygen at 25°C in 30 
wt. % KOH solution at 0.9 V (cell voltage) from 10 kHz to 0.01 Hz.  
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Figure 5.8: Impedance measurements of Cath4 under air at 25°C in 30 wt. % KOH 
solution at different cell voltages from 10 kHz to 0.01 Hz.  
 
 
Impedance spectra of the same cathode in different KOH concentrations can be seen 
in Fig. 5.9. The low frequency arc increases in size when the KOH concentration 
increases. This could be due to the fact that, at higher concentration, KOH solution 
penetrates deeper in the AL structure which hinders the reactant gas accessibility 
increasing the mass transport resistance or due to the fact that oxygen solubility 
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decreases in KOH solution when KOH concentration increases (by a factor 4.5 
between a 2 M KOH (10 wt.%) solution and 6.9 M KOH (30 wt.%)  solution [2]).  
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Figure 5.9: Impedance measurements of Cath4 under air at 25°C in different KOH 
concentration solutions at 0.9 V from 10 kHz to 0.01 Hz (symbol: experimental, line: 
fitting). 
 
 
The equivalent circuit shown in Fig. 5.10 is then proposed to fit the Cath4 impedance 
spectrum where RΩ is the sum of electrolyte resistance (bulk), contact resistances and 
cell resistances; R1 is the ohmic drop resistance of the electrolyte in active pores (or 
flooded pores) which depends on electrode porosity and wettability, and R2 is related 
to the oxygen reduction kinetics. Similar circuits have already been proposed in the 
case of cathode [3] and anode [4] in alkaline media. A constant phase element (CPE) 
is introduced, in place of a simple capacitor,  because the semi-circles show some 
depression which relates to the current distribution within the electrode structure [5].  
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Figure 5.10: Equivalent circuit used to fit the high and low frequency semi-circles 
observed for Cath4. 
 
 
As can be seen in Table 5.2, RΩ decreases when the KOH solution concentration 
increases (which is in accordance with the predicted increase of the electrolyte 
conductivity with the concentration: increase of a factor ~ 1.6 between a 2 M KOH 
solution and 6.9 M KOH solution [6]) which was expected because RΩ represents the 
ohmic resistances of the electrolyte and the cell. Surprisingly, R1 appears to decrease 
with the increase of the electrolyte concentration. If R1 was only a structural 
(physical) related resistance, it should stay constant which is obviously not the case. 
The admittance of the constant phase element (Y1), representing the double-layer, also 
increases when the KOH concentration increases; this could again be due to the 
deeper KOH penetration in the electrode structure with higher KOH electrolyte 
concentration solutions. The low value of the parameter n of the CPE suggests that the 
electrode consists of semi-infinite pores [7] and is in agreement with porosity effects 
[8]. In a similar way, R2 increases with the KOH concentration which could be due 
again to the deeper KOH penetration in the AL structure which hinders gas 
accessibility. 
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KOH 
Concentration 
(wt. %) 
R Ω 
(mΩ) 
R1 
(mΩ) 
Y1 
(F) 
n1 R2 
(mΩ) 
Y2 
(F) 
n2 
30 81 343 7.75 0.25 850 4.41 0.97 
20 88 303 6.98 0.27 553 4.85 0.98 
10 144 248 4.23 0.34 401 5.54 0.98 
 
Table 5.2: Fitted values of equivalent circuit parameters of the Cath4 impedance 
spectra in different KOH concentration. 
 
 
 
5.5. Conclusion 
 
A new electrode design has been developed and studied for the oxygen reduction 
cathode in an alkaline fuel cell which exhibited a considerable improvement over 
previous designs. The addition of an extra active layer, comprising an MnO2 catalyst 
supported on carbon black, significantly improved the cathode performance especially 
at high potential (130 mA cm-2 at 25 oC at 0.8 V under air as compared to 35 mA cm-2 
for the previous design under the same conditions). A final cathode thickness 
optimization (0.6 mm) was carried out to maximise fuel cell performance. 
Electrochemical impedance spectroscopy study was performed on the latest electrode 
design showing one high frequency depressed semi-circle which is believed to be 
related to porosity and KOH wettability and one low frequency semi-circle related to 
kinetics. This insight allows us to link directly electrode micro and macrostructure to 
its kinetics which is very interesting for further cathode development.   
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Chapter 6: A Novel Cathode for Alkaline Fuel Cells based 
on a Porous Silver Membrane 
 
 
 
 
6.1. Abstract 
 
Porous silver membranes were investigated as potential substrates for alkaline fuel 
cell cathodes and as an approach for studying pore-size effects in alkaline fuel cells. 
The silver membrane provides both the electrocatalytic function, mechanical support 
and a means of current collection. Relatively high active surface area (~ 0.6 m2 g-1 ) 
results in good electrochemical performance (~200 mA cm-2 at 0.6 V and ~400 mA 
cm-2 at 0.4 V) in the presence of 6.9 M KOH. The electrode fabrication technique is 
described and polarisation curves and impedance measurements are used to 
investigate the performance.  The regular structure of the electrodes allows parametric 
studies of the performance of electrodes as a function of pore size. Impedance spectra 
have been fitted with a proposed equivalent circuit which was obtained following the 
study of impedance measurements under different experimental conditions 
(electrolyte concentration, oxygen concentration and, temperature, pore size). The 
typical impedance spectra consisted of one high frequency depressed semi-circle 
related to porosity and KOH wettability and one low frequency semi-circle related to 
kinetics.  A passive air-breathing hydrogen-air fuel cell constructed from the 
membranes in which they act as mechanical support, current collector and 
electrocatalyst achieves a peak power density of 50 mW cm-2 at 0.40 V cell potential 
when operating at 25oC.    
 
6.2. Introduction 
             
Silver has the highest electrical conductivity of any element and is approximately 100 
times less expensive than platinum. Moreover, silver is one of the most active 
catalysts for the oxygen reduction reaction (ORR), even competitive to Pt in high 
concentration alkaline media [1-3]. Oxygen cathodes loaded with Ag have also shown 
a longer lifetime over Pt based cathodes (3 years compare to 1 year for Pt) under 
practical chlor-alkali electrolysis conditions [4]. The impregnation of Ag onto carbon 
support via the in situ reduction of AgNO3 has been shown to produce very fine 
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catalyst particles, resulting in high surface area required catalyst for optimal cathode 
performance [5]. Another way to obtain high surface area silver catalyst is the Raney 
approach, which involves leaching aluminium out of a 50% aluminium/50 % silver 
alloy using KOH [6].   
 
The properties of silver present opportunities for the development of new electrode 
designs.  In the previous chapters and in published work it has been shown how silver 
plated nickel foam can be used as an effective electrode substrate [7]. The silver 
plated foam provided improved current collection compared to bare nickel foam; 
however, the catalytic activity was limited due to the low surface area of the open cell 
structure of the foam.  
            
Porous silver membranes are mainly used in a variety of filtration applications where 
the antimicrobial and antibacterial properties of silver make silver membranes a very 
efficient filtration system [8-12]. Silver membranes are available with small pore size 
(micron range) and high porosity, resulting in high surface area structures. These 
properties are particularly useful in AFCs in which silver membranes can provide 
catalyst, mechanical support and a means of improved current collection compared to 
nickel mesh (silver having the highest electrical and thermal conductivity of all 
metals). Porous silver membranes offer the potential for a new cathode design that 
does not use a carbon support.  This is beneficial since the commonly used carbon 
supports degrade in alkaline media, so affecting fuel cell lifetime.    
          
The aim of this work is to investigate a new cathode design for AFCs that is based on 
a silver membrane. The high surface area of the membrane and the catalytic activity 
of the silver are a promising combination for high performance.  Furthermore, the 
ability to obtain membranes with uniform pore sizes for a range of different pores 
sizes allows parametric studies of pore size on other important parameters. To our 
knowledge, its use in fuel cells has not been investigated. 
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6.3. Experimental 
 
6.3.1. Electrode preparation  
 
Silver metal membranes from Sterlitech (Purity: 99.97%, of 50 µm nominal 
thickness) were used as cathode substrates, Fig. 6.1. The pore size of the membranes 
ranges from 0.2 to 5.0 µm.     
 
 
 
 
(a)                                                       (b) 
 
(c)                                                         (d) 
 
Figure 6.1: a) Optical Image of silver membranes; Scanning electron microscope 
image showing the porous structure of silver membranes without (c) and with 
PTFE (b) and (d). 
           
 
 
5 cm 
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Hydrophobization of the membranes was achieved using polytetrafluoroethylene 
(PTFE) solution (60 wt. % dispersion in water) from Sigma Aldrich which was 
applied by pipette directly onto one side of the membrane. The PTFE deposition was 
applied in a two step process. In the first PTFE deposition, a loading is applied that 
penetrates into the membrane body, this is allowed to dry at room temperature. In the 
second PTFE deposition, a second amount of PTFE is applied to the membrane, but 
this second amount does not penetrate into the membrane but stays on the membrane 
surface. The electrode was then sintered in air at 320 °C for 30 min. For membranes 
with pore size smaller than 0.8 µm, it was found that the PTFE during the first 
deposition did not tend to enter the structure and remained on the surface forming a 
non-porous layer after sintering. It was necessary to remove this compliant film 
covering the membrane in order to allow gas access to the silver membrane.     
 
6.3.2. Electrode characterization  
             
The surface of the silver membranes was analysed using a scanning electron 
microscope (JEOL JSM-5610LV).  
 
The catalytic activity of the various silver membranes were measured in a half-cell 
configuration using a three electrode set-up and a Luggin capillary situated less than 
0.5 mm from the electrode surface and a counter electrode of nickel foam which was 
10 times the geometrical surface area of the working electrode, to avoid excessive 
polarization. Silver membrane cathodes (1 cm2) were floated on the surface of a fresh 
KOH solution with the other side exposed to an oxygen or air atmosphere through 
forced convection [13]. Cathodes were polarised after 15 min in contact with the 
electrolyte under oxygen in a first scan (0.01 V s-1) from OCV (1.1 V) to 0.1 V for 
conditioning. All polarization curves shown are the results of a second scan. A third 
scan was then taken (not shown here) to make sure that the optimum performance was 
obtained. Impedance spectra were then taken at 0.8 V, still under oxygen. Finally, 
measurements were taken under air.   
 
6.3.3. Fuel cell operation  
 
Cathodes were tested in a cylindrical 4 cm2 hydrogen-air fuel cell utilising 25 mm 
diameter silver membrane disks as mechanical support, current collector and catalyst. 
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The fuel cell was constructed using a commercial hydrogen reformate anode from 
Alfa Aesar (Johnson Matthey Company, 0.4 mg cm-2 Pt, Toray paper GDL) separated 
with a plastic mesh (1 mm thick). Current was collected around the edge of the silver 
membrane disk, requiring that the current from the centre of the disk flowed >1 cm to 
the external current collector.  The KOH solution was 30 wt. %, pure hydrogen 
(99.999%) from BOC was provided on the anode side whereas the cathode side was 
left open to the laboratory air in self-breathing mode without any supplemental gas 
flow. As the cathode was open to the laboratory air, no back pressure control was 
possible. Utilising optimised PTFE loading, the fuel cell did not show any weeping of 
electrolyte on the cathode side. Fuel cell results are not iR corrected. 
 
6.4. Results and discussion 
  
6.4.1. Characterization of silver membranes 
 
Table 6.1 summarizes results of different measurements made on the different silver 
membranes. The particle retention characteristic is taken from the manufacturer’s data 
sheet, and may be broadly considered to be close to the pore diameter. The porosity 
was calculated by weighing a known geometric volume of membrane knowing the 
density of pure silver. The specific surface area calculated using Eq. 6.1 relates to an 
estimation of the surface area considering only the inside of each pore which is 
assumed to be a long cylinder (tortuosity = 1) where P is the membrane porosity, ρ the 
silver density and r the radius of the cylinder. It can be seen that silver membranes 
with 0.2 and 0.8 µm have the highest estimated surface area and therefore should give 
the best performance. This model provides only an approximate assessment of the 
specific surface area as clearly the tortuosity of the membranes is greater than one, 
Fig. 6.1. 
 
)1(
2
Pr
PA
−
=
ρ
      Eq. 6.1 
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Particle retention / 
µm 
Thickness / µm Porosity / % Specific surface 
area / m2 g-1 
0.2 57 26.1 0.67 
0.45 57 33.6 0.43 
0.8 85 54.2 0.56 
1.2 83 56.4 0.41 
3 95 56.8 0.17 
5 92 51.2 0.08 
 
Table 6.1: Key characteristics of silver membranes. 
SEM images of the silver membrane surface (0.8 µm) before and after PTFE 
deposition are shown in Fig. 6.1. As can be seen in Fig. 6.1(a), the porosity of the 
membrane appears to be homogeneous with pores in the micron range. In Fig. 6.1(b), 
an excess of PTFE can be seen in the centre of the picture with smaller particles in the 
membrane pores. 
 
6.4.2. Characterization of silver membranes cathodes 
 
A silver membrane (1.2 µm) cathode was prepared with a PTFE coating following the 
procedure described in the experimental section. The half cell polarization curves of a 
cathode with PTFE and a cathode without PTFE coating under oxygen clearly 
demonstrate the importance of the PTFE coating to obtain good performance (Fig. 
6.2(a)). 
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Figure 6.2: Polarization curves and impedance results for cathodes made of silver 
membrane (1.2 µm) with and without PTFE (12.3 mg cm-2 total amount deposited) 
under oxygen at 20°C in 30 wt. % KOH solution. (a). Polarisation results; (b) 
Impedance measurements at 0.8 V (cell voltage) from 10 kHz to 0.1 Hz. Inset is the 
same plot scaled to show the details of the scans at low Z. 
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Impedance measurements were performed on cathodes prepared with and without 
PTFE (Fig.6.2 (b)). As can be seen, the cathode without PTFE exhibits a single large 
capacitive arc whereas the cathodes made with PTFE (Fig.2 (b) inset) shows a 
depressed arc at high frequency and a capacitive semi-circle at low frequency which 
are much smaller than for the cathode without PTFE. It is believed that the structure 
of the cathode without PTFE is completely flooded with electrolyte, making the mass 
transport resistance very high. The PTFE coating keeps the gas side of the electrode 
free of KOH solution which greatly improves the reactant gas accessibility, so 
decreasing the mass transport resistance. 
 
The same PTFE treatment was applied to silver membranes with different pore sizes 
with a target PTFE loading of 13 mg cm-2, and the resulting polarization curves and 
impedance results are shown in Fig. 6.3. As can be seen for the polarisation results, 
Fig. 6.3(a), the best performance was obtained for silver membranes with 0.8 and 1.2 
µm pore size. The difference in surface area is obviously part of the reason for the 
improvement in performance for these electrodes but more importantly the PTFE 
loading seems to be important for optimizing performance (see below).     
 
Impedance measurements were performed on these cathodes, the results of which are 
shown in Fig. 6.3(b). All the cathodes share the same impedance spectra features, with 
a depressed high frequency arc and a low frequency capacitive semi-circle. The 
decrease in size of the low frequency semi-circle on membranes with pore sizes 
between 0.2 and 1.2 µm is believed to be due to the increase in PTFE loading whereas 
its increase in size with membrane between 1.2 and 5 µm pore size is believed to be 
related to the decrease in surface area since the PTFE loading is similar for these 
cathodes. The best performing cathodes (0.8 and 1.2 µm) show the smallest low 
frequency semi-circle which is believed to be due to the fact that 0.8 and 1.2 µm pore 
size are both optimal if considering surface area and PTFE.  
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Figure 6.3: Polarization curves (a) and impedance measurements (b) of cathodes 
made of silver membranes with different pore sizes under air at 20°C in 30 wt. % 
KOH solution at 0.8V.  
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Indicative performance of the cathodes at two relevant potentials (0.70 V, 0.80 V) 
extracted from Fig. 6.3(a) is shown in Fig. 6.4(a). An improvement in performance 
with decreasing pore size is seen down to a pore size of 0.8 µm, although for smaller 
pores, there is a decrease in performance. As pore size decreases, the specific surface 
area of the membrane tends to increase (Table 6.1), and so we might expect 
performance to be highest for the smallest pore size, however this is not the case. 
Even though a consistent application technique was used, it was found that the PTFE 
loading for the different membranes was not the same, Fig. 6.4(b). Apparently, the 
inferior results from membranes with 0.2 and 0.45 µm pore sizes (Fig. 6.4(a)) can be 
explained by the poor PTFE loading after the hydrophobization step (see 
Experimental section). This could be due to the fact that the 0.2 and 0.45 µm 
membranes would have pores too small to allow PTFE particle infiltration, preventing 
the formation of hydrophobic areas within the membrane. It is to be noted that 
improved performance for the 0.2 and 0.45 µm membranes compared to the 0.8 and 
1.2 µm membranes would be expected because of the increase in specific surface area 
were it possible to obtain a suitable PTFE coating.  
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Figure 6.4: Current density at 0.70 and 0.80 V (a) [Data taken from Fig. 6.3(a)]; and 
PTFE loading (b) as a function of membrane pore size for a consistently applied 
PTFE treatment.  
 
 
 
6.4.3. Assessment of performance under different conditions 
 
In order to attribute physical significance to the features observed in the impedance 
spectra, measurements were taken under different experimental conditions using a 1.2 
µm pore size silver membrane cathode (total PTFE loading: 12.3 mg cm-2). Fig. 6.5(a) 
shows the impedance spectra of the cathode under air and oxygen at the same half cell 
voltage (0.8 V). It can be seen that the high frequency semi-circle is unchanged, 
whereas the low frequency feature is much smaller under pure oxygen. Fig. 6.5(b) 
shows the Bode phase-plot spectra of the same cathode at different cell voltages in an 
oxygen atmosphere. It can be seen that the high frequency semi-circle is again 
unchanged, whereas the size of the low frequency semi-circle decreases when 
increasing the polarization. Both results demonstrate that the low frequency semi-
circle is related to kinetics (included charge transfer and mass transport) whereas the 
high frequency one seems to be related to the electrode structure (porosity).  
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Figure 6.5: Impedance measurements of silver membrane cathode (1.2 µm) at 20°C 
in 30 wt. % KOH solution from 10 kHz to 0.1 Hz. (a) Nyquist plot at 0.8 V showing 
the effect of reactant - oxygen and air ; (b) Bode phase-plot spectra under oxygen 
showing the effect of polarisation potential. 
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Impedance spectra of the same cathode were obtained in different KOH concentration 
(Fig.6.6). The low frequency arc increases in size when the KOH concentration 
increases. This could be due to the fact that at higher concentration KOH solution 
penetrates deeper into the membrane structure which hinders the reactant gas 
accessibility increasing the mass transport resistance.  
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Figure 6.6: Impedance measurements of silver membrane cathode (1.2 µm) under 
oxygen at 20°C in different KOH concentration solutions at 0.8 V (cell voltage) from 
10 kHz to 0.1 Hz. 
 
RΩ and the first constant phase element from equivalent circuit shown in Fig. 6.7 was 
used to fit the high frequency semi-circles.  
 
                   
RΩ
R1 R2
CPE1 CPE2
HF LF
 
 
 
 
Figure 6.7: Equivalent circuit of the silver membrane cathode used to fit both the 
high frequency and low semi-circles. 
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A constant phase element (CPE) is introduced because the semi-circles show some 
depression which relates to the lack of homogeneity of the electrode capacitance [14]. 
The impedance of a constant phase element is given by:  
 
nCPE jYoZ )(
1
ω
=       Eq. 6.2 
 
Where Y0 is the admittance relating to the double layer capacitance and n is a constant 
between -1 and 1 giving information about the nature of the CPE. When n=1, Y0 
corresponds to the ideal capacitance C and the CPE behaves as a capacitance.  
 
As can be seen in Table 6.2, RΩ decreases when the KOH solution concentration 
increases (increase of the electrolyte conductivity) which was expected because RΩ 
represents the Ohmic resistances of the electrolyte in the cell. Surprisingly, R1 appears 
to decrease with the increase of the electrolyte concentration. If R1 was only a 
structural (physical) related resistance, it should stay constant which is obviously not 
the case. The admittance of the constant phase element, representing the double-layer, 
also increases when the KOH concentration increases; this could again be due to the 
deeper KOH penetration into the electrode structure with greater KOH concentration. 
The low value of the parameter n (~ 0.5) suggests that the electrode consists of semi-
infinite pores [15] and is in agreement with porosity effects [16]. 
 
 
CPE1 KOH 
Concentration 
/ % 
RΩ 
(Ω) 
R1 
(Ω) Y1 
(F) 
n 
10 0.516 2.14 1.14     0.56 
20 0.342 1.96 1.63     0.56 
30 0.290 1.77 2.32     0.52 
 
 
Table 6.2: Fitted values of equivalent circuit parameters of the high frequency semi-
circle for silver membrane cathode in different KOH concentration. 
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Impedance spectra of the same cathode were obtained at constant KOH concentration 
but different temperatures (Fig. 6.8).  The low frequency semi-circle decreased when 
the temperature increased, which is expected since it is related to kinetics. The high 
frequency semi-circle also decreased when the electrolyte temperature increased. 
From both electrolyte concentration and temperature dependence studies, we can 
conclude that R1 is strongly related to the electrolyte conductivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8: Bode plot spectrum of silver membrane cathode (1.2 µm) under oxygen at 
different temperature in 30 wt. % KOH solution at 0.8 V (cell voltage) from 10 kHz to 
0.1 Hz. 
 
 
 
The equivalent circuit shown in Fig. 6.7 is then proposed to fit the silver membrane 
cathodes impedance spectrum where RΩ is the sum of electrolyte resistance (bulk), 
contact resistances and cell resistances; R1 is the ohmic drop resistance of the 
electrolyte in active pores (or flooded pores) which depends on electrode porosity and 
wettability and finally R2 is related to kinetics. Similar circuits have already been 
proposed in the case of cathode [17] and anode [18] in alkaline media. 
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6.4.4. Optimisation of PTFE loading 
 
As described in the experimental section, PTFE was deposited twice on the 
membranes. In the first step, the PTFE dispersion penetrates throughout the entire 
membrane volume. In the second deposition step, the PTFE is only deposited on the 
surface of the membrane. The ability to tailor the PTFE distribution both within the 
membrane and on the membrane surface is crucial to obtaining good performance. A 
cartoon of the expected resultant configuration, in which a greater loading of PTFE is 
on the surface than in the body of the silver membrane is shown in Fig.6. 9. 
 
 
Silver membrane,
Catalytically active area
Inner PTFE layer
(1st deposition),
Outer PTFE layer
(2nd deposition),
Electrolyte,
 
 
Figure 6.9: Cartoon showing the deposition of PTFE on the silver membrane and 
how this may affect wetting of the electrolyte. The first PTFE layer is deposited 
throughout the entire membrane structure whereas the second deposition occurs only 
on the surface. The catalytically active area immediately beneath the outer PTFE layer 
is highlighted. 
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In order to study this effect, we initially measured the performance of the two best 
performing membranes from Fig. 6.3(a) (0.8 µm, 1.2 µm) after only the first PTFE 
deposition with a loading of around 4 mg cm-2, Fig. 6.10(a). The benefit of including 
this PTFE treatment is clearly seen for the 1.2 µm membrane compared to the same 
membrane with no PTFE.  The cathode made with 0.8 µm pore size outperforms the 
one made with 1.2 µm pore size for the same PTFE loading. It is also clear why the 
second PTFE deposition step is important, as in its absence a significant mass 
transport limitation is seen at current densities of j>70 mA cm-2. 
 
In order to optimise the first PTFE deposition step we looked at the performance of 
the 0.8 µm pore size silver membrane as a function of the PTFE loading in the first 
step, Fig 6.10(b). In order to assess only the effect of PTFE loading within the 
membrane, the second PTFE deposition (i.e. deposition of PTFE on the membrane 
surface) was not performed.  For this reason the performance at high current density 
(j>70 mA cm-2) is poor. As can be seen in Fig. 6.10(b), although PTFE is required in 
the inner structure its loading should be kept low because performance decreases 
when the PTFE loading is increased. As expected, the size and shape of the high 
frequency semi circle change with PTFE loading. It is more marked with higher PTFE 
loadings (Fig. 6.10(c)).  
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Figure 6.10: Effect of first PTFE deposition step on silver membrane performance 
under oxygen at 20°C in 30 wt. % KOH solution. No second PTFE deposition step 
was performed. (a) Polarization curve showing pore size effect for constant PTFE 
loading from the first deposition step (b) Polarization curves for 0.8 µm silver 
membranes showing the effect of the PTFE loading from the first deposition step; (c) 
impedance spectra for the membranes in (b) obtained at 0.8 V (cell voltage) from 10 
kHz to 0.1 Hz.  
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Having determined the optimum first loading value (i.e. the amount of PTFE 
dispersed throughout the entire membrane volume), we also optimised the second 
PTFE amount (i.e. the amount of PTFE deposited on the membrane surface). Fig. 
6.11(a) shows the resultant polarisation curves for two different pore size membranes 
(0.8 µm  and 1.2 µm) utilising a first PTFE loading of 4.2±0.1 mg cm-2. The PTFE 
loading displayed in Fig. 6.9 is the total PTFE loading (i.e. first+second PTFE 
loading). The effect of the second PTFE treatment is to remove the mass transport 
limitation seen at about 80 mA cm-2 for electrodes which only have the first (internal) 
PTFE treatment. Performance of the 0.8 µm cathodes are quite good with 196 mA 
cm-2 at 0.6 V and 408 mA cm-2 at 0.4 V, considering the fact that it is a very simple 
electrode design. 
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Figure 6.11: Performance of silver membranes after optimised first and second PTFE 
deposition steps. Polarization curves showing optimised 0.8 µm and 1.2 µm pore 
electrodes and for comparison a 0.8 µm pore size electrode with only the optimised 
first ptfe loading, (a). Electrochemical impedance results for cathodes made of silver 
membranes (0.8 and 1.2 µm) under oxygen at 20°C in 30 wt. % KOH solution, (b). 
Impedance data obtained at 0.8 V, from 10 kHz to 0.1 Hz (symbol: experimental data, 
line: fit). Total PTFE loadings are displayed for each electrode (first PTFE deposition 
step leads to a loading of 4.2±0.1 mg cm-2). 
 
 
 
In Fig. 6.11(b), impedance measurements of the same cathodes can be seen. The 
experimental data (symbols) are well fitted (lines) with the equivalent circuit shown in 
Fig. 6.7. Results are summarized in Table 6.3. The double-layer capacities of porous 
electrodes are proportional to their wetted areas. Y1 (larger than Y2) would be 
representative of the total flooded area of the cathode, whereas Y2 would be 
representative of the catalytic active surface area of the cathode which is believed to 
be located just below the PTFE coating as seen in Fig. 6.7. It can be seen that the 
higher the PTFE loading, the lower Y1. This is expected because less electrolyte 
floods the electrode structure which means a decrease of the double-layer capacitance. 
The PTFE loading does not have much effect on Y2 and R2 for both pore size 
cathodes because these parameters are related to the active surface area which is 
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believed to vary mostly with the structure of the membrane (pore size, roughness of 
the surface, etc.) but not much with the penetration depth of the PTFE (or loading) in 
the pore (considering the pore as a long cylinder).  
 
 
 
CPE1 CPE2 
 
Electrode 
Pore size  
/ µm 
PTFE 
Loading 
/ mg cm-2 
RΩ 
(Ω) 
R1 
(Ω) 
Y1 
(F) 
n1 
R2 
(Ω) 
Y2 
(F) 
n2 
0.8  4.18 0.321 0.255 1.10      0.78 1.849 0.627    0.96 
0.8  5.25  0.248 0.238 0.985    0.81 1.968 0.627    0.97 
1.2 4.31  0.233 0.322 0.982    0.77 2.254 0.458    0.98 
1.2  6.13  0.358 0.471 0.553    0.80 2.399 0.476    0.99 
 
Table 6.3: Fitted values of equivalent circuit parameters (Fig. 6.6) for curves in Fig. 
6.11(b).  
 
 
In the same way, R1 and R2 are lower (Y1 and Y2 are higher) for the 0.8 µm pore size 
cathode than for the 1.2 µm case.  This is because the surface area of the 0.8 µm 
cathode is higher than that of the 1.2 µm cathode. This increases the surface of the 
membrane in contact with the electrolyte decreasing R1 and R2 and increasing Y1 and 
Y2.   
 
The double-layer capacitances were estimated by the means of Eq. 6.3 [18,19] using 
data listed in Table 6.3. Results of Eq. 6.2 and Eq. 6.3 are shown in Table 6.4 where it 
can be seen that the surface area of the 0.8 µm pore size electrode is higher than the 
1.2 µm pore size electrode; this explains the superior performance for the 0.8 µm 
electrode. It is interesting to note that both results are in good accordance.  
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Silver membrane pore size 
/ µm 
Estimated surface area 
 / m2 g-1 
Estimated double-layer 
capacitance / F cm-2 
0.8 0.56 0.60 
1.2 0.41 0.47 
 
Table 6.4: Estimates of the electrode surface area and double layer capacitance from 
Impedance data in Fig. 6.11.  
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In order to study the stability of the cathode ten successive polarization scans have 
been performed (after the 3 first scans) following immediately after by impedance 
measurement at 0.8 V. A decay of current density at different voltages was observed 
as can be seen from Fig.6.12 . The current density at each voltage decreased with the 
number of scan; the higher the polarization the higher the decrease in current density.  
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Figure 6.12: Current density decay at different half cell voltages of a cathode made of 
silver membrane (0.8 µm, PTFE: 5.25 mg cm-2) under oxygen at 20°C in 30 wt. % 
KOH solution. 
 
 
The equivalent circuit shown in Fig.6.8 was used to fit the impedance spectra obtained 
after each scan (Fig.6.13). RΩ and R1 increased slightly with the number of scans 
whereas Y2 was relatively stable. R2 and Y1 increased significantly with scan number. 
The increase in Y1 is believed to be due to increased flooding of the membrane 
structure. This hinders gas accessibility increasing mass transport resistance which 
can be related to the increase in R2. This flooding or weeping effect is well known in 
liquid alkaline systems and is one of the main reasons for cathode performance 
degradation [8]. In future work we will test this cathode design with an anionic 
membrane as in this case no movement of the electrolyte interface is seen, and a 
stable three-phase contact region is formed. 
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Figure 6.13: Equivalent circuit parameters fitted from impedance measurement of a 
silver membrane cathode (0.8 µm, PTFE: 5.25 mg cm-2) under oxygen at 20°C in 30 
wt. % KOH solution from 10 kHz to 0.1 Hz. 
 
 
6.4.5. Testing membranes within a fuel cell  
 
In order to improve the activity of the electrode, 10 nm of Pt was sputtered on one 
side of a 0.8 µm silver membrane, equivalent to a loading of 21 µg cm-2, followed by 
the standard PTFE treatment. Two different cathodes were fabricated: in one of them 
the Pt coating was on the gas side and in the other the Pt coating was on the 
electrolyte side of the membrane. Only the cathode with the Pt coating on the gas side 
showed an improved performance meaning that most of the electrode structure is 
flooded with electrolyte and the thickness of the membrane could be greatly reduce 
without any effects on cathode performance.   The performance of the membrane with 
Pt on the gas side is shown in Fig. 6.14(a). A clear improvement can be seen with a 
performance of 260 mA cm-2 at 0.6 V and 500 mA cm-2 at 0.4 V. In the low current 
regime, 0.1 mA cm-2 – 100 mA cm-2, where the potential is dominated by 
electrokinetics, a 30 mV positive shift in the curve is seen. At higher current densities 
the improvement in performance is even greater, suggesting that mass transport to the 
Pt Layer is enhanced compared to transport to the silver electrode. This is to be 
expected if the platinum layer is immediately below the outer PTFE layer.  
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Figure 6.14: (a) Half-cell polarization curves of cathodes made of silver membrane 
(0.8 µm) and silver membrane with 10 nm of Pt (20 µg cm-2) under oxygen at 20 °C. 
Inset – Electrochemical Impedance spectroscopy of each electrode at 0.90 V from 10 
kHz to 0.1 Hz. (b) Hydrogen-air fuel cell test of  silver membrane with 10 nm of Pt 
(21 µg cm-2) utilising 30 wt. % KOH solution as electrolyte and 1 mm electrode 
separation. Pt on carbon paper (0.4 mg cm-2) used as anode. For comparison, the same 
cathode operating under half-cell operation in the same cell is shown. 
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The improvement in performance is assumed to be due to the higher catalytic activity 
of Pt compared to Ag. This was confirmed by electrochemical impedance 
spectroscopy (Fig. 6.14(a), inset) for which only the low frequency kinetic semi-circle 
was seen to reduce in size when Pt was introduced onto the cathode. Tafel analysis of 
the polarization curves in the kinetic region (E>0.8V) gives a slope of 105 mV dec-1 
for Ag and 93 mV dec-1 for the Pt on Ag electrode. 
 
Testing of the new cathode in a 4 cm2 cylindrical hydrogen-air fuel cell was also 
performed to see if good results could be obtained utilising the silver membrane (0.8 
µm pore size) with 10 nm of Pt (21 µg cm-2) as cathode. Under these conditions the 
silver membrane functions as both mechanical support, sole current collector (>1 cm 
maximum current path), and electrocatalyst. We were able to show good performance 
of the fuel cell utilising our optimised PTFE loading with the cathode open to the air, 
(i.e. without any back-pressure), and without weeping of the electrolyte through the 
cathode membrane. For comparison, the cathode was also tested potentiostatically in 
the same cell and under the same conditions (passive air breathing mode). As can be 
seen from Fig. 6.14(b), performance of the fuel cell is slightly reduced compared to 
the results obtained in the half-cell configuration, yet still attain a peak power of 50 
mW cm-2 at a cell voltage of 0.4 V under passive self-breathing operation. This is an 
impressive performance considering that no backpressure or forced air convection is 
applied, and the cathode is open to the laboratory air. The reduction in performance 
compared to the half-cell results could be explained by the presence of the spacer 
between the cathode and the anode. Comparison of impedance spectra (not shown) 
did not show any increase in Ohmic resistance between the half-cell and fuel cell 
mode but an increase in the low-frequency kinetic semi-circle. This could be due to 
the higher resistance to species (H2O, OH-) to migrate from anode to cathode induced 
by the spacer (since there was no difference in air flow rate or electrode structure).  
 
The silver loading of the new cathode design (using a membrane with 0.8 µm pores) 
is estimated at 45 mg cm-2. Such a loading has been used before in test cathodes for 
alkaline fuel cells. For instance, Wagner et al. utilised 0.4 mm thick electrodes with a 
silver loading of greater than 47 mg cm-2 to study the longevity of electrode 
performance [20]. In our case the electrodes are only ~85 µm thick, 1/5th of those 
mentioned above. This reduction of thickness may be beneficial for the transport 
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properties of gases. Indeed, we estimate that the membranes could be reduced to 
maybe 20 µm thickness whilst retaining mechanical stability. In such a case, the 
loading would be reduced by a factor of 4 with a total cost of 100 $ m-2 for combined 
electrocatalyst + current collector + mechanical support which is not far away from 
the cost of nickel mesh alone (60 $ m-2) in the conventional design – to which would 
still have to be added the cost of the electrocatalyst. 
 
6.5. Conclusion 
 
Porous silver membranes, which are commonly used as filter membranes in diverse 
chemical processes, have been successfully demonstrated as substrates for fuel cell 
cathodes in alkaline media. These membranes are useful as they have a consistent 
structure which allows parametric analysis of a wide range of variables whilst keeping 
the general structure of the electrode constant. Hence it has been possible to test pore 
size effects in a way which is much more difficult to achieve using standard 
electrodes. A treatment process, consisting of the application of PTFE dispersion both 
within and on one side of the electrode, is necessary to obtain good electrochemical 
performance. The PTFE loading has been optimized to get optimal results from the 
porous silver structure in a two steps process which is necessary to avoid any mass 
transportation limitation. The membrane with 0.8 µm pore size appeared to be the 
more adequate for high performance because of its high surface area. Performance 
obtained are quite good with 196 mA cm-2 at 0.6 V and 408 mA cm-2 at 0.4 V and 
with 260 mA cm-2 at 0.6 V and 500 mA cm-2 at 0.4 V under oxygen using a very thin 
(10 nm) Pt coating on top of the Ag. Utilised in passive air-breathing mode, a 
hydrogen air fuel cell utilising the above-mentioned platinum on silver cathode attains 
a power density of 50 mW cm-2 at a cell potential of 0.4 V utilising the silver 
membrane also as mechanical support and current collector. 
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Chapter 7: Conclusions and future work 
 
 
 
 
 
Fuel cells have a great potential in reducing CO2 emissions for a greener future. Their 
commercial success will depend mostly in their cost reduction. Alkaline Fuel cells 
appears to have inherent advantages which could lead to mass production and low 
cost compared to other fuel cell types. This work has demonstrated how the use of a 
new kind of electrode substrate could lead to new AFC designs and in turn cost 
reduction, while maintaining acceptable performance.  
 
Nickel foam has been investigated as a potential electrode substrate for AFC 
electrodes because of its lower cost compared to the commonly used nickel mesh. 
Both nickel foam and silver plated nickel foam have been characterized and used as 
electrode substrate. Cathodes made of silver plated nickel foam showed enhanced 
performance compared to cathodes made of uncoated nickel foam due to the reduction 
of the Ohmic and charge transfer resistance.  
 
A new electrode design has been developed and studied for the oxygen reduction 
cathode in an alkaline fuel cell which exhibited a considerable improvement over 
previous designs. The addition of an extra active layer, comprising a MnO2 catalyst 
supported on carbon black, significantly improved the cathode performance, 
especially at high potential. Electrochemical impedance spectroscopy was performed 
on the latest electrode design showing one high frequency depressed semi-circle 
which is believed to be related to porosity and KOH wettability and one low 
frequency semi-circle related to kinetics.  
 
Porous silver membranes have been successfully demonstrated as substrates for fuel 
cell cathodes in alkaline media. A treatment process, consisting of the application of 
PTFE dispersion both within and on one side of the electrode, is necessary to obtain 
good electrochemical performance. Utilised in passive air-breathing mode, a 
hydrogen-air fuel cell attained a power density of 50 mW cm-2 at a cell potential of 
0.4 V utilising the silver membrane as both mechanical support and current collector.  
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If we compare performance between the cathode developed with nickel foam as 
substrate material (chapter 5) and the cathode developed with the porous silver 
membrane (chapter 6), it is clear that the cathode made of nickel foam outperforms 
the cathode made of silver membrane (at 0.6 V under air at 25oC, 80 mA cm-2 for 
silver membrane cathode and 375 mA cm-2 for the nickel foam cathode). More 
interestingly, both systems gives similar impedance spectra which can be modelled by 
the same equivalent circuit (Fig.6.7) where RΩ is the sum of electrolyte resistance 
(bulk), contact resistances and cell resistances; R1 is the ohmic drop resistance of the 
electrolyte in active pores (or flooded pores) which depends on electrode porosity and 
wettability and finally R2 is related to kinetics. This could lead to a better 
understanding of the more complex system (nickel foam cathode) knowing exactly 
what are the effects of structural properties on the much simpler one (silver membrane 
cathode) helping the improvement of performance.  
 
 
Comparing performance from the literature to the silver membrane cathode developed 
in this study, the only system close enough is the work by Wagner et al. (Reference 20 
in Chapter 6) where pure silver powders are mixed with PTFE. They obtained almost 
900 mA cm-2 at 0.6V, well above the 200 mA cm-2 at 0.6V of our system, but it ust be 
noted that the temperature of the electrolyte was at 70oC (compared to 20oC in this 
case), and that the curve presented in their work is Ir-drop corrected which is not the 
case for our work. Finally, it has to be noted that the use of very fine silver powder 
would give a much larger surface area compared to the system used in this study.  
 
Concerning the nickel foam cathode, the closest system found is the one described in 
Yang et al (Reference 153 chapter 2) where MnO2 on carbon black is used as the 
catalyst and nickel foam is used as the current collector. At 0.6V, they obtained 200 
mA cm-2 for a static electrolyte with a mixture of carbon nanotube/carbon black, and 
only 90 mA cm-2 when using only carbon black as the catalyst support. This is a lot 
less than has been reported in this study for cath4 at the same potential (375 mA cm-2 
with circulation of the electrolyte, and 650 mA cm-2 with a static electrolyte as shown 
in Fig 3.4 chapter 3). But it has to be noted that in this study the catalyst loading is 5 
times more greater than their catalyst loading. 
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Recommendations for future work 
 
 
•        Porous silver membrane cathodes: 
 
      Use different PTFE suspension (with smaller particle size) in order to see if 
better performance with smaller pore size than 0.8 µm can be obtained. 
      Study/model with EIS the effect of electrolyte penetration in the cathode 
structure on performance and try to link with the nickel foam cathode 
behaviour. 
 
 
•        Nickel foam cathodes: 
 
      Optimization of MnO2 loading 
      Try to use carbon nanotubes in the active layer 
      Study the catalytic activity of different carbon blacks toward ORR, trying to 
link performance to the physical characteristics such as surface area, porosity 
and chemical composition of the surface.  
      Study the electrolyte circulation effect on cathode performance, and how to 
better control where the reaction occurs to maximise the TPB and reduce 
degradation due to weeping effects.  
 
 
The development of liquid electrolyte systems has been shown to have advantages 
which could open the way to the commercialization of the alkaline fuel cell 
technology. However, leakage, parasitic power losses, CO2 poisoning and degradation 
due to weeping are problems which are inherent to the liquid electrolyte form. These 
problems could be overcome by using an alkaline anion-exchange membrane which 
combines advantages of AFCs and advantages related to the solid form electrolyte. In 
future work, it will also be interesting to try cathodes developed in this thesis with 
these alkaline membranes. 
 
